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Background and Objective:	Bacterial	challenge	is	constant	in	the	oral	cavity.	To	con-
tain	the	commensal	biofilm,	partly	activated	neutrophils	are	continuously	recruited	
as	part	of	a	normal	physiologic	process,	without	exposing	the	host	 to	the	harmful	
effect	of	a	fully	active	neutrophil	response.	This	intermediate	immune	state	has	been	
termed	para-	inflammation,	as	opposed	to	the	fully	activated	proinflammatory	state	
in	oral	disease.	Directly	visualizing	these	cells	and	their	components	via	transmission	
electron	 microscopy	 (TEM)	 enhances	 our	 understanding	 of	 neutrophil	 activation	
state	differences	in	oral	health	and	disease,	as	obtained	from	molecular	studies.
The	aim	of	this	study	was	to	describe	the	morphology	of	the	para-	inflammatory	phe-
notype	displayed	by	oral	neutrophils	in	health,	and	compare	it	to	the	morphology	of	
the	naïve	blood	neutrophil,	and	the	proinflammatory	oral	neutrophils	in	chronic	peri-
odontitis.	 This	 morphology	 was	 characterized	 by	 differences	 in	 granule	 content,	
phagosome	content	and	cytoplasm	and	nuclear	changes.	We	also	examined	the	mor-
phological	changes	induced	in	naïve	neutrophils,	which	were	stimulated	in	vitro	by	
bacteria,	and	in	oral	neutrophils	in	full	tissue	samples	in	vivo.
Material and Methods:	Neutrophils	were	isolated	from	blood	and	saliva	samples	of	
patients	with	 chronic	periodontitis	 and	healthy	 individuals.	The	cells	were	viewed	
under	TEM	and	analyzed	in	imaging	software	examining	granularity,	cytoplasm	den-
sity,	euchromatin	amount	in	the	nucleus	and	phagosome	content.	A	separate	cohort	
of	blood	neutrophils	was	incubated	with	Streptococcus oralis	and	analyzed	under	TEM	
in	the	same	manner.	Gingival	tissue	samples	were	obtained	from	patients	with	chronic	
periodontitis	and	viewed	under	TEM,	with	the	neutrophils	present	analyzed	in	the	
same	manner.
Results:	The	proinflammatory	cells	showed	 less	granulation,	 lighter	cytoplasm	and	
higher	amount	of	nuclear	euchromatin.	These	changes	were	accentuated	in	the	pro-
inflammatory	 oral	 chronic	 periodontitis	 neutrophils	 compared	 to	 the	 para-	
inflammatory	oral	health	neutrophils.	The	oral	chronic	periodontitis	neutrophils	also	
contained	more	phagosomes	and	had	more	phagosomes	containing	undigested	bac-
teria.	These	changes	were	partially	reproduced	in	the	naïve	blood	cells	after	exposing	
them	to	S. oralis.	The	neutrophils	in	the	gingival	tissues	displayed	naïve	morphology	
when	viewed	in	the	blood	vessels	and	gradually	showed	proinflammatory	morpho-
logical	changes	as	they	traveled	through	the	connective	tissue	into	the	epithelium.
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1  | INTRODUC TION

Neutrophils	are	an	integral	component	of	the	host	response	in	peri-
odontal	disease.1	They	exit	the	gingival	plexus	of	blood	vessels	and	
enter	the	gingival	crevice,	where	they	represent	the	overwhelming	
majority	of	leukocytes	recruited	in	response	to	the	tooth-	associated	
biofilm.2	While	they	play	an	important	role	in	the	destruction	of	in-
vading	pathogens,	neutrophils	can	also	cause	substantial	collateral	
damage	to	host	tissue.3	Chronic	periodontitis,	a	highly	prevalent	in-
flammatory	condition	of	the	oral	cavity,	is	a	prime	example	of	tissue	
destruction	mediated	by	the	proinflammatory	neutrophil	response.	
Chronic	 periodontitis	 is	 characterized	 by	 increased	 neutrophil	 re-
cruitment,	gingival	inflammation	and	progressive,	irreversible	loss	of	
periodontal	attachment.4,5	 In	periodontal	health,	however,	neutro-
phils	are	constantly	being	recruited	to	the	oral	cavity,	without	induc-
ing	clinically	evident	 inflammation	or	tissue	destruction.6,7	Thus,	 it	
seems	that	while	the	blood	neutrophils	are	naïve,	becoming	primed	
or	 activated	only	during	 certain	disease	 states,	 oral	 neutrophils	 in	
health,	 which	 have	 undergone	 extravasation	 and	 exposure	 to	 the	
oral	biofilm	are	partially	activated,	and	do	not	cause	any	overt	clini-
cal	signs	of	inflammation.	This	intermediary	immune	state	has	been	
termed	 “para-	inflammation.”8,9	 Consequently,	 events	 that	 induce	
a	 switch	 from	a	para-	inflammatory	 to	a	proinflammatory	state	are	
likely	to	be	central	to	the	pathogenesis	of	chronic	periodontitis,	as	
well	as	other	chronic	inflammatory	diseases	associated	with	biofilm-	
bearing	 tissues.	 Mechanisms	 that	 restrain	 neutrophil	 function	 by	
producing	 a	 para-	inflammatory	 state,	 including	 tolerance	 of	 the	
commensal	microbiota	without	host	tissue	damage,	are	essential	for	
maintenance	of	oral	health.	A	deeper	understanding	of	structural/
morphological	and	functional	differences	between	para-		and	proin-
flammatory	neutrophils	is	necessary.

Transmission	 electron	microscopy	 (TEM)	 has	 been	 extensively	
used	 in	the	past	 to	study	the	morphology	and	function	of	neutro-
phils,10-12	although	the	studies	using	it	have	mainly	focused	on	neu-
trophils	from	circulation.	Few	studies	have	examined	the	morphology	
of	oral	neutrophils,	and	most	TEM	studies	of	periodontal	inflamma-
tion	and	disease,	such	as	the	seminal	work	of	Page	and	Schroeder,	
focused	on	the	composition	of	the	tissue	as	a	whole,	rather	than	the	
morphology	of	individual	cells.6	Studies	examining	individual	neutro-
phils	in	periodontal	disease	have	focused	on	impaired	functionality	
of	these	cells,	with	no	assessment	of	their	morphological	changes	in	
health	and	disease.13-16	To	investigate	morphological	and	functional	

differences	between	para-		and	proinflammatory	neutrophils	we	used	
high-	resolution	TEM	to	analyze	blood	and	oral	neutrophils	of	healthy	
volunteers	 and	 patients	 with	 chronic	 periodontitis.	 Furthermore,	
whole	blood	was	incubated	with	oral	commensal	bacteria	to	assess	
the	morphological	changes	observed	in	naïve	blood	neutrophils	by	
TEM.	Our	hypothesis	was	that	neutrophils	in	the	healthy	oral	cavity	
would	present	with	a	distinctive	morphology	consistent	with	para-	
inflammation	characterized	by	low	granulation,	light	cytoplasm	and	
large	 amount	of	 euchromatin,	while	 the	 fully	 active,	 proinflamma-
tory	phenotype	of	oral	neutrophils	in	chronic	periodontitis	will	show	
a	higher	number	of	phagocytes,	lower	granularity,	lighter	cytoplasm	
and	larger	amount	of	euchromatin.	We	have	previously	shown	that	
under	TEM,	naïve,	para-		and	proinflammatory	neutrophils	differ	 in	
granularity	 and	 phagosome	 content.8	 Here,	we	 present	 additional	
new	 data	 on	 the	 morphological	 diversity	 between	 the	 3	 groups,	
as	well	as	the	response	induced	in	naïve	cells	after	incubation	with	
bacteria.

2  | MATERIAL AND METHODS

2.1 | Participants and clinical assessments

Participants	 were	 recruited	 from	 Toronto	 General	 Hospital’s	
Nephrology	 Center	 and	 University	 of	 Toronto’s	 Graduate	
Periodontology	 Clinic.	 The	 study	was	 approved	 by	 the	University	
of	 Toronto’s	 Research	 Ethic	 Board	 (REB	 no.	 30044	 &	 29410)	 as	
well	 as	 the	 University	 Health	 Network	 Research	 Ethic	 Board	 (no.	
13-	6896-	AE).	Before	inclusion,	a	signed	informed	consent	was	ob-
tained	 from	 all	 participants.	 Patients	were	 excluded	 based	on	 the	
following	exclusion	criteria:	(i)	severe	systemic	conditions;	(ii)	preg-
nancy;	(iii)	antibiotic	or	surgical	periodontal	therapy	within	the	last	
6	months;	(iv)	patients	with	dental	implants;	(v)	complete	edentulism;	
and	(vi)	other	active	oral	disease	including	caries,	endodontic	lesions	
and	mucocutaneous	diseases.	 Following	 a	 complete	dental	 exami-
nation,	 a	 total	 of	 6	 patients	with	 generalized	 severe	 chronic	 peri-
odontitis17	were	included	in	the	study.	Five	patients	with	a	healthy	
periodontium	were	 also	 recruited	 as	 controls.	 Clinical	 parameters	
including	 bleeding	 on	 probing,	 probing	 depth,	 recession	 and	 clini-
cal	attachment	 level	were	measured	at	6	sites	on	each	 tooth.	The	
degree	of	inflammation	was	determined	by	percentage	of	sites	that	
displayed	 bleeding	 upon	 probing.	 A	 site	 was	 determined	 to	 have	

Conclusion:	Oral	neutrophils	display	morphological	changes	consistent	with	partial	or	
full	activation,	corresponding	to	their	para-		or	proinflammatory	states.	These	changes	
can	 also	 be	 induced	 in	 naïve	 cells	 by	 incubating	 them	 with	 commensal	 bacteria.	
Neutrophils	 change	 their	 morphology	 towards	 an	 activated	 state	 as	 they	 travel	
through	the	gingival	tissue.
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active	disease	upon	the	concurrent	finding	of	bleeding	on	probing	as	
well	as	having	a	probing	depth	≥5	mm.	Lastly,	a	site	was	said	to	have	
had	a	history	of	disease	if	clinical	attachment	levels	were	measured	
to	be	≥5	mm.

2.2 | Electron microscopy

Blood	and	oral	samples	were	obtained	as	previously	described.18,19 
Briefly,	participants	were	asked	to	rinse	with	5	mL	of	0.9%	isotonic	
sodium	chloride	solution	(Baxter,	Toronto,	ON,	Canada)	for	30	sec-
onds	before	any	instrumentation	to	avoid	initial	bleeding	that	might	
interfere	with	the	results.	Participants	were	then	asked	to	expecto-
rate	the	rinse	sample	into	a	sterile	50	mL	falcon	tube.	Blood	samples	
were	drawn	into	a	vacutainer	containing	0.1	volumes	of	sodium	cit-
rate	as	anticoagulant.	Erythrocytes	were	eliminated	by	isotonic	lysis.	
Oral	 samples	were	pelleted	at	690	g	and	resuspended	 in	10	mL	of	
cold	 phosphate-	buffered	 saline,	 and	 epithelial	 cells	were	 removed	
by	filtration	as	previously	described.19	Cell	sorting	based	on	CD18	
expression	was	performed	to	confirm	>98%	purity	of	oral	neutrophil	
populations.	The	cells	were	then	pelleted	and	processed	following	
a	modified	technique	by	Gelderblom.20	In	brief,	the	cells	were	fixed	
with	Karnovsky’s	style	fixative	(3.2%	paraformaldehyde	+	2.5%	glu-
taraldehyde	in	a	0.1	mol/L	Sorensen’s	phosphate	buffer,	pH	6.8-	7.0)	
for	1	hour.	Fresh	fixative	was	replaced	and	samples	were	left	over-
night	at	4°C.	After	removal	of	the	fixative,	the	pellets	were	washed	
with	Sorensen’s	phosphate	buffer	(a	mixture	of	0.1	mol/L	monoba-
sic	and	0.1	mol/L	dibasic	sodium	phosphate	salts	 in	a	 ratio	 to	give	
the	required	pH)	and	then	postfixed	with	1%	osmium	tetroxide	for	
1	hour.	Following	another	wash,	the	pellets	were	dehydrated	using	a	
graded	series	of	ethanol/distilled	water	at	30%,	50%,	70%,	95%	and	
100%	ethanol.	The	pellets	were	then	washed	with	the	transitional	
solvent	propylene	oxide	(PO).	Infiltration	was	performed	using	Epon	
Araldite	(E/A)	resin,	prepared	as	described	previously	by	Coulter,21 
using	a	graded	series	of	E/A	and	PO	at	1:1	E/A	and	PO	for	30	min-
utes,	3:1	E/A	and	PO	for	2	hours,	and	100%	E/A	overnight.	Another	
infiltration	using	100%	E/A	was	performed	the	next	day	for	another	
2	hours.	The	samples	were	then	placed	in	polyethylene	BEEM	cap-
sules	with	fresh	E/A,	and	placed	 in	an	oven	for	polymerization	for	
48	hours	 at	 60°C.	 After	 complete	 polymerization,	 the	 solid	 resin	
blocks	containing	the	samples	were	sectioned	on	a	Reichert	Ultracut	
E	microtome	at	60-	90	nm	thickness	and	collected	on	200	mesh	cop-
per	grids.	The	sections	were	counterstained	using	saturated	uranyl	
acetate	 for	 15-	20	minutes,	 rinsed	 in	 distilled	 water,	 followed	 by	
Reynold’s	lead	citrate	for	15-	20	minutes	and	rinsed	again	in	distilled	
water.	The	sections	were	examined	and	photographed	in	a	Hitachi	
H7000	TEM	at	an	accelerating	voltage	of	75	kV.	At	least	113	images	
were	taken	for	each	of	the	4	groups:	blood	neutrophil	from	controls	
(bCTL);	blood	neutrophils	 from	patients	with	chronic	periodontitis	
(bCP);	 oral	 neutrophils	 from	 controls	 (oCTL);	 and	 oral	 neutrophils	
from	patients	with	chronic	periodontitis	 (oCP).	 Image	analysis	was	
performed	using	ImageJ	software.	Total	area,	nucleus	and	cytoplasm	
area	 were	 measured	 for	 individual	 cells.	 The	 absolute	 number	 of	
granules	in	each	cell	was	counted,	and	granularity	was	defined	as	the	

ratio	of	 number	of	 granules/cytoplasm	area.	 Euchromatin	 fraction	
was	calculated	as	 the	 ratio	of	euchromatin	area/total	nuclear	size.	
Cytoplasm	gray	value	was	measured	from	a	sample	clear	cytoplasm	
area	in	each	cell.	The	gray	value	was	assigned	by	the	imaging	soft-
ware,	ranging	from	0	to	255	where	“0”	indicates	a	completely	black	
area	and	“255”	completely	white.	Therefore,	a	higher	gray	value	in-
dicates	 a	 lighter	 shade	of	 the	 cytoplasm.	For	oral	 neutrophils,	 the	
number	of	phagosomes	in	the	cytoplasm	was	counted,	distinguish-
ing	between	early	and	late	phagosomes.	A	phagosome	was	labeled	
“early”	if	 it	contained	at	least	1	intact	bacterium.	Phagosomes	that	
contained	only	bacterial	fragments	or	debris	were	labeled	“late.”	In	
addition,	whole	tissue	samples	were	obtained	from	3	patients	with	
chronic	 periodontitis	 who	 underwent	 periodontal	 surgery	 as	 part	
of	their	treatment	plan,	as	gingival	discards	from	open	flap	surgery.	
All	treated	sites	had	a	probing	depth	>5	mm	with	bleeding	on	prob-
ing.	The	sections	were	kept	in	Karnovsky’s	fixative,	cut	to	pellet	size	
using	 no.	 15	 scalpels	 and	 prepared	 for	 TEM	viewing	 as	 described	
above.

2.3 | Bacterial stimulation

To	examine	the	effect	of	bacterial	stimulation	on	neutrophils,	blood	
samples	from	healthy	individuals	were	incubated	with	Streptococcus 
oralis (sk39)	 and	examined	under	TEM.	Bacteria	were	 grown	over-
night	in	THYE	broth,	and	diluted	to	5	×	107	cells	in	200	μL	phosphate-	
buffered	saline.	This	volume	was	added	to	100	μL	containing	5	×	106 
isolated	 neutrophils,	 and	 incubated	 in	 37°C	 for	 20	minutes.	 The	
samples	were	then	prepared	for	TEM	viewing	 in	the	same	manner	
described	above.

Thirty-	one	images	were	taken	of	the	bacteria-	stimulated	neutro-
phils	(bBCT)	and	analyzed	as	described	above.

2.4 | Statistical analysis

One-	way	 analysis	 of	 variance	 was	 performed	 with	 a	 post	 hoc	
Bonferroni’s	 test	 for	 pairwise	 comparisons.	 P	≤	0.05	 was	 consid-
ered	statistically	significant.	Statistical	analysis	was	performed	with	
GraphPad	Prism	software.

3  | RESULTS

3.1 | Clinical description of periodontal disease in 
the patient cohort

On	average,	patients	with	chronic	periodontitis	had	3.3	fewer	teeth	
than	healthy	controls	 (24.7	±	4.7	vs.	28	±	1.7,	P	=	0.05).	Bleeding	on	
probing	occurred	at	65%	of	sites	in	patients	with	chronic	periodontitis	
compared	to	8.6%	of	sites	in	healthy	controls	(P	<	0.001).	In	patients	
with	disease,	23%	of	all	sites	were	deemed	to	be	undergoing	“active	
inflammation-	mediated”	periodontal	 tissue	breakdown,	while	active	
disease	 was	 virtually	 absent	 (0.1%)	 in	 healthy	 controls	 (P	<	0.001).	
Patients	with	chronic	periodontitis	had	an	 increased	oral	 inflamma-
tory	 load	 as	 demonstrated	 by	 a	 5-	fold	 increase	 in	 oral	 neutrophil	
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counts	compared	to	healthy	controls.	There	were	no	significant	dif-
ferences	between	the	2	groups	with	respect	to	age,	age	range,	gender	
and	smoking	history.	Demographics	and	periodontal	 characteristics	
of	patients	and	control	cohorts	are	summarized	in	Table	1.

3.2 | General cell morphology

Dramatic	morphological	changes	were	observed	between	the	blood	
and	oral	neutrophils,	regardless	of	the	oral	health	state	of	the	sub-
ject.	Similarly,	these	changes	were	observed	in	the	blood	neutrophils	
that	 were	 incubated	 with	 bacteria.	 Significant	 changes	 were	 also	
observed	 between	 the	 oral	 control	 and	 oral	 chronic	 periodontitis	
groups,	 albeit	 to	 a	 lesser	 extent.	 There	were	no	 significant	 differ-
ences	in	the	blood	neutrophils	between	health	and	disease.

We	found	that	blood	neutrophil	cytoplasm	is	more	electrodense,	
with	a	higher	average	gray	value	compared	to	the	oral	neutrophil-		
and	bacteria-	stimulated	groups.	Furthermore,	chronic	periodonti-
tis	oral	neutrophils	had	a	significantly	lighter	cytoplasm	compared	
to	control	oral	neutrophils,	which	was	similar	to	the	cytoplasm	of	
the	 bacteria	 stimulated	 neutrophils	 (Figure	1;	 bCTL	 111.6	±	1.90,	
bCP	 116.7	±	2.07,	 oCTL	 136.2	±	2.12,	 oCP	 148.0	±	1.63,	 bBCT	

TABLE  1 Demographics	and	periodontal	characteristics	of	
patients	and	control	cohorts

Characteristic Healthy (n = 5) Diseased (n = 6)

Age,	ya 46.1	±	17.9 58.0	±	15.1

Female,	n	(%) 2	(40%) 3	(50%)

Smoking,	n

Never 3 3

Former	smoker	(years	
ago)

2	(8-	10) 2(15-	17)

Current 0 1

Teeth,	na 28	±	1.7 24.7	±	4.7

Sites,	na 168	±	9.2 151	±	21.8

Sites	with	BOP,	%a 8.6	±	11.4 65	±	16.4

Active	disease	(PD	≥5	mm	+	BOP)

Sites	with	active	
disease,	na

0.2	±	0.4 36.2	±	19.2

Sites	with	active	
disease,	%a

0.1	±	0.4 23.1	±	11.8

BOP,	bleeding	on	probing;	PD,	pocket	depth.
aMean	±	SD.

F IGURE  1 Oral	neutrophils	have	lighter	cytoplasm	density,	a	difference	that	is	more	pronounced	in	CP,	and	reproduced	with	bacterial	
stimulation.	A,	Blood	neutrophil	from	a	patient	with	CP.	B,	Oral	neutrophil	during	phagocytosis	from	the	same	patient.	Notice	lighter	
density	of	cytoplasm.	C,	Blood	neutrophil	after	incubation	with	S. oralis.	Notice	similarity	in	cytoplasm	density	to	(B).	D,	Cytoplasm	density	
of	the	cells	as	represented	by	mean	gray	value.	Higher	value	represents	lighter	cytoplasm.	*,#Represent	a	significant	statistical	difference	
(P	<	0.001).	Statistical	test	used	was	1-	way	ANOVA	with	post	hoc	Bonferroni’s	test.	All	images	are	magnification	×8000	and	75	kV.	CP,	
chronic	periodontitis
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157.5	±	2.42,	P	<	0.001).	The	euchromatin	fraction	of	the	nucleus	
was	similar	in	blood	neutrophils,	whereas	it	was	higher	in	the	oral	
control	neutrophils	and	highest	in	the	oral	chronic	periodontitis	neu-
trophils.	Bacteria-	stimulated	neutrophils	had	the	euchromatin	frac-
tion	similar	to	the	oral	chronic	periodontitis	neutrophils	(Figure	2;	
bCTL	 24.8%	±	1.1,	 bCP	 27.12%	±	0.8,	 oCTL	 33.9%	±	1.3,	 oCP	
38.7%	±	1.3,	bBCT	37.9%	±	1.5,	P	<	0.0001).	As	previously	shown,	
the	number	of	granules	per	cytoplasm	area	was	significantly	lower	
in	oral	neutrophils	compared	to	blood	neutrophils,	with	the	number	
of	granules	in	oral	neutrophils	from	patients	with	chronic	periodon-
titis	being	significantly	lower	compared	to	control	oral	neutrophils.	
In	comparison,	bacteria-	stimulated	neutrophils	were	 less	granular	
than	 the	 blood	 neutrophils,	 but	 had	more	 granules	 than	 the	 oral	
cells	 (Figure	3;	 bCTL	 2.43	±	0.12	 granules/μm2,	 bCP	 2.44	±	0.04	
granules/μm2	 oCTL	 1.415	±	0.10	 granules/μm2	 oCP	 1.094	±	0.06	
granules/μm2	bBCT	2.07	±	0.07	granules/μm2,	P	<	0.0001).	Chronic	
periodontitis	neutrophils	had	significantly	more	phagosomes	com-
pared	 to	 control	 neutrophils.	 Bacteria-	stimulated	 neutrophils	
had	more	phagosomes	than	control	neutrophils	and	 less	than	the	
chronic	 periodontitis	 cells,	 but	 no	 significant	 difference	 could	be	
detected	 (Figure	4;	 oCTL	 1.00	±	0.17,	 oCP	 1.975	±	0.23,	 bBCT	
1.56	±	0.28,	P	<	0.0001).	Comparing	early	phagosomes	within	the	
3	groups	showed	a	similar	relationship	(Figure	4;	oCTL	0.24	±	0.07,	
oCP	1.00	±	0.16,	bBCT	0.72	±	0.16,	P	<	0.0001).	No	significant	dif-
ference	 in	 average	 cell	 area	 or	 nuclear	 area	was	 found	 between	
any	of	the	groups	(average	cell	area	bCTL	39.76	±	1.028	μm2,	bCP	

40.14	±	38.66	μm2,	oCTL	42.69	±	1.37	μm2,	oCP	39.81	±	1.21	μm2,	
bBCT	44.61	±	1.48	μm2,	P	=	0.06,	nuclear	area	data	not	shown).

3.3 | Cell morphology in the tissue

Neutrophils	in	the	gingival	blood	vessels	(Figure	5A,B)	show	morphol-
ogy	similar	to	neutrophils	from	blood	(Figure	1A).	They	maintain	their	
round	and	 smooth	 shape,	 as	well	 as	 the	dark	 and	dense	 cytoplasm,	
which	is	filled	with	granules.	Euchromatin	fraction	in	the	nucleus	is	still	
low.	Neutrophils	that	have	migrated	into	the	connective	tissue	have	a	
lighter	cytoplasmic	density,	with	fewer	granules	and	higher	euchroma-
tin	fraction	(Figure	5C).	Finally,	in	the	epithelium,	the	cells	demonstrate	
characteristics	 similar	 to	 those	 isolated	 from	 saliva,	 including	 low-	
density	cytoplasm	with	relatively	few	granules.	A	unique	nuclear	mani-
festation	was	observed	in	gingival	tissue	neutrophils,	characterized	by	
increased	euchromatin/heterochromatin	 ratio,	with	heterochromatin	
that	was	localized	in	a	highly	focused	manner	at	the	periphery	of	the	
nucleus,	in	conjunction	with	the	nuclear	envelope	(Figure	5D,E).

4  | DISCUSSION

We	have	performed	 a	 survey	of	 tissue	 and	blood	neutrophil	 phe-
notypes	 in	 health	 compared	 to	 chronic	 periodontitis	 using	 high-	
resolution	 TEM.	 Three	 distinct	 phenotypes	 were	 observed	 based	
on	 the	 analysis	 of	 granularity,	 cytoplasmic	 density,	 euchromatin/

F IGURE  2 CP	oral	neutrophils	have	a	higher	fraction	of	euchromatin	than	all	other	groups.	A,	CP	blood	neutrophil.	B,	oral	neutrophil	
from	the	same	patient.	Notice	high	amount	of	euchromatin	in	the	nucleus.	C,	Blood	neutrophil	after	incubation	with	S. oralis.	D,	Euchromatin	
percentage	of	the	nucleus.	*,#Represent	a	significant	statistical	difference	(P	<	0.0001).	Statistical	test	used	was	1-	way	ANOVA	with	post	
hoc	Bonferroni’s	test.	All	images	are	magnification	×8000	and	75	kV.	CP,	chronic	periodontitis
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F IGURE  3 Number	of	granules	in	oral	and	bacteria	stimulated	neutrophils	is	lower	than	in	blood,	and	even	lower	in	oral	
polymorphonuclear	neutrophils	from	patients	with	CP.	A,	Blood	neutrophil	from	a	patient	with	CP.	B,	Oral	neutrophil	from	the	same	
patient.	C,	Blood	neutrophil	after	incubation	with	S. oralis.	Notice	lower	number	of	granules	in	(C),	and	lowest	in	(B).	D,	Ratio	of	granules	
and	cytoplasm	area.	*,#,&Represent	a	significant	statistical	difference	(P	<	0.0001).	Statistical	test	used	was	1-	way	ANOVA	with	post	hoc	
Bonferroni’s	test.	All	images	are	magnification	×8000	and	75	kV.	CP,	chronic	periodontitis

F IGURE  4 CP	oral	and	bacteria	
stimulated	neutrophils	have	more	
phagosomes,	and	more	late	phagosomes	
in	the	cytoplasm.	A,	Oral	neutrophil	
from	a	patient	with	CP	during	
phagocytosis.	Magnification	×9000,	
75	kV.	B,	Magnification	of	marked	area	
at	magnification	×30	000,	75	kV.	On	
the	right,	early	phagosome,	containing	
morphologically	intact	bacteria.	On	the	
left,	late	phagosome	containing	only	
debris,	presumably	bacterial	fragments.	
C,	Number	of	phagosomes	in	cytoplasm.	
D,	Number	of	early	phagosomes	in	
cytoplasm.	*Significant	statistical	
difference	(P	<	0.0001).	Statistical	test	
used	was	1-	way	ANOVA	with	post	hoc	
Bonferroni’s	test.	CP,	chronic	periodontitis
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heterochromatin	 ratio	 and	 phagocytosis,	 corresponding	 to	 naïve	
(bCTL,	bCP),	para-	inflammatory	 (oCTL)	and	proinflammatory	 (oCP)	
states	 (Figure	6A,B,C).	 Incubating	 naïve	 blood	 cells	 with	 S. oralis 
caused	morphological	changes	similar	to	those	seen	in	the	activated	
oral	neutrophils	(Figure	6D).

4.1 | Blood vs. oral neutrophils

The	 most	 dramatic	 morphological	 changes	 were	 observed	 be-
tween	 the	 oral	 and	 blood	 neutrophil	 groups,	 regardless	 of	 health	
status.	Blood	neutrophils	are	naïve	in	the	circulation.	Their	recruit-
ment	usually	starts	by	changes	induced	in	stimulated	endothelium,	
which	causes	upregulation	of	adhesion	molecules	on	their	surface.	
Compatible	 upregulation	 of	 appropriate	 ligands	 in	 free	 circulating	
neutrophils	then	causes	them	to	tether	to	the	vessel	surface.22	The	
neutrophils	then	roll	and	adhere	to	the	endothelium,	and	finally	ex-
travasates	into	the	tissue,	starting	migration	induced	by	chemotactic	
attractants.23	This	journey	from	the	circulation	into	the	oral	cavity	is	
complex,	highly	regulated	and	involves	the	expression	of	numerous	
genes	and	proteins.24	Additionally,	migration	between	the	epithelial	
and	connective	 tissue	cells	 require	physical	 adjustment	of	 the	cell	

and	nucleus.10	Finally,	the	recruited	oral	neutrophil	needs	to	manage	
the	constant	bacterial	presence	in	the	oral	cavity,	using	its	antibacte-
rial	arsenal.25	Thus,	significant	morphological	changes	are	expected	
and	observed	in	granularity,	the	nucleus	and	cytoplasm,	all	of	which	
participate	in	neutrophil	activation	as	described	below.

Similar	 and	 robust	 morphological	 changes	 were	 observed	 in	
blood	neutrophils,	which	were	 incubated	with	bacteria.	Therefore,	
it	appears	that	in	vitro,	bacterial	factors	are	sufficient	to	induce	the	
changes	observed	in	extravasated	cells.

Interestingly,	 no	 differences	were	 observed	 in	 the	 blood	 neu-
trophils	between	the	healthy	and	chronic	periodontitis	groups.	The	
host	innate	immune	response	is	recognized	as	an	important	factor	in	
chronic	periodontitis.	Different	individuals	show	different	suscepti-
bility	to	chronic	periodontitis,	and	impaired	or	altered	neutrophil	re-
sponse	has	been	suggested	as	a	partial	explanation	to	this	variability.	
However,	the	evidence	for	this	is	not	definitive	for	chronic	periodon-
titis.26	 Alternatively,	 exacerbation	 of	 systemic	 disease	 by	 chronic	
periodontitis	has	been	established	 in	 the	context	of	diabetes	mel-
litus,27	and	to	a	much	lesser	extent	in	cardiovascular	disease28 and 
adverse	pregnancy	outcomes,29	suggesting	a	pathway	that	might	in-
clude	altered	neutrophil	activity.	We	examined	systemically	healthy	

F IGURE  5 Neutrophils	traveling	from	gingival	blood	vessel	of	a	patient	with	chronic	periodontitis	into	the	epithelium.	A,	Neutrophil	
(center	of	square)	surrounded	by	different	leukocytes	(black	arrows)	and	erythrocytes	(white	arrows).	Magnification	×2500,	75	kV.	B,	
Magnification	of	squared	area	at	A.	Magnification	×8000,	75	kV.	Compare	with	Figure	1A.	C,	Neutrophil	moving	through	gingival	connective	
tissue.	Magnification	×7000,	75	kV.	D,	neutrophils	moving	from	gingival	CT	into	E.	Magnification	×2500.	E,	Neutrophils	moving	inside	the	
epithelium.	Magnification	×5000,	75	kV.	F,	Neutrophils	moving	inside	the	epithelium.	Magnification	×6000,	75	kV.	CT,	connective	tissue;	EPI,	
epithelium
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individuals	 and	did	not	observe	 any	differences	 in	 the	blood	neu-
trophils	between	 the	control	 and	 study	groups;	 therefore,	 chronic	
periodontitis	 itself	does	not	seem	to	affect	the	morphology	of	the	
circulatory	neutrophils.

4.2 | Oral health vs. oral chronic periodontitis

In	 the	 oral	 neutrophil	 groups,	 significant	 changes	 in	 morphol-
ogy	were	observed	between	the	control	and	chronic	periodontitis	
groups.	This	is	consistent	with	previous	studies	that	have	shown	that	
oral	 health	 and	 chronic	 periodontitis	 neutrophils	 present	 2	 differ-
ent	phenotypes,	presenting	different	CD	marker	profiles	and	gene	
expression.8,19	Our	findings	suggest	that	even	without	clinical	symp-
toms	 of	 inflammation,	 once	 extravasated,	 the	 para-	inflammatory	
cells	appear	to	be	in	a	state	of	activation.

4.3 | Cytoplasm density

One	consistent	observation	that	we	made	was	a	significant	change	in	
cytoplasm	electron	density	between	the	different	groups.	Compared	
to	the	dark,	dense	cytoplasm	of	the	naïve	neutrophils,	the	oral	neu-
trophils	 show	 a	 much	 lighter,	 electron-	lucent	 cytoplasm.	 This	 is	
further	accentuated	in	the	proinflammatory	cells.	We	were	able	to	in-
duce	a	similar	cytoplasmic	change	by	incubating	the	naïve	blood	cells	
with	S. oralis. S. oralis	is	a	gram-	positive,	non-	motile	facultative	anaer-
obe,	and	a	commensal	early	colonizer	of	the	oral	cavity.	As	such,	it	is	
generally	associated	with	periodontally	healthy	sites,	and	therefore	
it	is	interesting	to	see	that	exposing	this	species	to	naïve	neutrophils	
reproduced	a	similar	response	to	that	observed	in	para-	inflammation.	
That	the	observed	response	was	of	lesser	extent	can	be	attributed	to	

the	fact	that	this	incubation	was	done	in	vitro.	In	the	oral	cavity,	the	
dental	biofilm	is	a	complex	bacterial	community,	rather	than	one	spe-
cific	species.	 It	has	been	previously	demonstrated	that	neutrophils	
stimulated	by	phorbol	12-	myristate	13-	acetate	produce	a	change	in	
cytoplasm	density	 as	 part	 of	 their	 activation,	 and	 similar	 observa-
tions	have	been	noted	in	human	lymphocytes.30,31	This	may	be	due	
to	the	rapid	degranulation	observed	in	the	para-		and	proinflamma-
tory	cells.	Furthermore,	stimulated	neutrophils	have	been	shown	to	
alter	cytoplasm	density	due	to	enhanced	polymerization	of	cytoplas-
mic	proteins,	such	as	monomeric	actin	converting	to	F-	actin,	or	the	
translocation	of	 cytosolic	 components	 such	as	protein	kinase	C	 to	
the	cell	membrane.32-34	This	is	relevant	to	the	neutrophils’	ability	to	
migrate	through	the	connective	tissue	and	epithelium,	which	neces-
sitate	cytoskeleton	adaptation,	as	we	observed	in	the	neutrophils	in	
whole	tissue	sections.	All	of	these	point	to	structural	and	functional	
changes	that	are	consistent	with	cell	activation.

4.4 | Euchromatin fraction in the nucleus

Euchromatin	 is	 the	decondensed	 form	of	DNA.	 In	 contrast	 to	 the	
condensed	heterochromatin,	euchromatic	DNA	is	more	exposed	and	
ready	for	gene	transcription.	Therefore,	a	higher	euchromatin/het-
erochromatin	ratio	suggests	a	more	active	cell	with	increased	gene	
expression	and	protein	synthesis.	It	has	been	demonstrated	that	in	
periodontal	disease,	neutrophils	present	with	altered	gene	expres-
sion.18	This	is	consistent	with	the	increased	fraction	of	euchromatin	
that	we	observed	in	the	para-		and	proinflammatory	cells,	compared	
to	 naïve	 blood	 neutrophils.	 The	 increased	 euchromatin	 content	 in	
proinflammatory	 relative	 to	 para-	inflammatory	 neutrophils	 is	 also	
consistent	with	higher	activation	of	the	proinflammatory	cells.

F IGURE  6 Morphological	differences	between	the	4	neutrophil	groups.	A,	Naïve	control	blood	neutrophil.	B,	Oral	neutrophil	from	a	
healthy	control.	C,	Oral	neutrophil	from	a	patient	with	chronic	periodontitis.	Note	decreasing	granularity,	decreasing	cytoplasm	density,	
increasing	euchromatin	fraction	in	the	nucleus	and	increasing	number	of	phagosomes.	D,	Naïve	blood	neutrophils	after	incubation	with	
S. oralis.	a,	b,	c,	d,	Graphical	summary	of	size,	cytoplasm	mean	gray	value,	granularity,	euchromatin	fraction	and	number	of	phagosomes	for	
each	group.	All	image	magnifications:	×8000	and	75	kV
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4.5 | Granularity

Secretion	of	proteolytic	enzymes	associated	with	neutrophil	granules	
is	 an	 important	 antimicrobial	mechanism,	 but	 it	 also	 has	 cytotoxic	
capabilities	that	may	affect	the	host	tissues.35	Severe	deficiency	in	
degranulation	activity	has	been	associated	with	aggressive	forms	of	
periodontitis.	For	example,	a	deficiency	in	cathepsin	C,	an	activator	
of	the	granule	peptidases	cathepsin	G	and	elastase,	has	been	demon-
strated	to	be	the	cause	of	Papillon-	Lefèvre	syndrome,	which	is	char-
acterized	by	severe	periodontitis,	and	is	associated	with	other	forms	
of	 aggressive	 periodontal	 disease.36	 However,	 beyond	 their	 direct	
antimicrobial	activity,	granule	contents	also	play	a	major	role	in	the	
activation	machinery	of	the	neutrophil.	It	is	generally	accepted	that	
granules	 in	 the	mature	neutrophil	 can	be	divided	 into	4	main	 sub-
types:	primary	(azurophilic),	secondary	(specific),	tertiary	(gelatinase)	
and	secretory	vesicles.	Each	type	is	characterized	by	the	dominant	
protein	it	contains;	myeloperoxidase	for	the	primary	granules,	lacto-
ferrin	in	the	secondary	and	gelatinase	in	the	tertiary.	The	secretory	
vesicles	 are	 unique	 in	 that	 they	 contain	 only	 plasma	 proteins,	 and	
therefore	 their	marker	 is	 albumin.37	 The	 significance	of	 the	 secre-
tory	vesicles	is	in	their	membrane,	which	is	rich	in	various	membrane-	
related	 signaling	 proteins	 such	 as	 CXC	 chemotactic	 receptors	 and	
toll-	like	receptors.38,39	In	the	beginning	of	the	inflammatory	cascade,	
interaction	 of	 ligands	 on	 the	 surface	 of	 the	 neutrophil	with	 selec-
tins	on	activated	endothelium	promotes	the	fusion	of	the	secretory	
vesicles	with	 the	cell	membrane,	causing	surface	expression	of	β2- 
integrins	and	chemotactic	receptors.40	Thus,	the	secretory	vesicles	
are	instrumental	 in	promoting	neutrophil	adhesion	to	the	endothe-
lium	 and	 subsequent	 chemotactic	migration.	 The	 tertiary	 granules	
are	high	in	gelatinase,	which	can	degrade	type	IV	collagen,	the	major	
component	 of	 the	 basement	 membrane.41	 Hence,	 these	 granules	
participate	in	extravasation	by	promoting	matrix	metalloproteinase-	
mediated	degradation	of	the	basement	membrane.	This	enables	the	
neutrophil	to	travel	through	the	tissue	without	releasing	the	harm-
ful	 serine	 proteases	 in	 the	 primary	 and	 secondary	 granules.42,43 
Therefore,	degranulation	is	critical	to	the	initiation	of	neutrophil	acti-
vation	before	contact	with	its	targets	and	the	actual	microbial	killing.	
The	tertiary	and	secondary	granules	membranes	are	also	the	main	
source	of	MAC-	1	 (CD11b/CD18)	 in	 the	cell,	and	therefore	assist	 in	
phagocytosis44,45	once	they	have	entered	the	infected	tissues.

As	expected,	proinflammatory	neutrophils	that	we	observed	in	the	
oral	cavity	of	patients	with	chronic	periodontitis,	displayed	decreased	
granularity.	This	is	consistent	with	elevated	inflammatory	activity	of	
these	neutrophils,	which	 is	a	hallmark	of	periodontal	disease.18,19,46 
Interestingly,	para-	inflammatory	neutrophils,	which	we	observed	 in	
the	healthy	oral	 cavity,	 also	 showed	 reduced	granularity	 compared	
to	 the	naïve	 cells,	 but	 to	 a	 lesser	 extent	 than	 the	proinflammatory	
neutrophils.	Indeed,	neutrophils	 in	the	healthy	oral	cavity	carry	out	
an	important	housekeeping	function	that	prevents	the	development	
of	gingival	disease;47	therefore,	some	level	of	neutrophil	activation	is	
expected.	 Incubating	naïve	blood	neutrophils	with	S. oralis- induced 
degranulation	as	well,	 albeit	 to	a	 lesser	extent	 than	 the	degranula-
tion	of	the	para-	inflammatory	cells	in	vivo.	One	of	the	limitations	of	

quantifying	granules	using	TEM	is	that	it	is	virtually	impossible	to	dif-
ferentiate	between	the	4	different	granule	subtypes	without	specific	
biomarkers—it	would	be	interesting	to	see	if	the	para-		and	proinflam-
matory	phenotypes	differ	not	only	in	quantity,	but	also	in	the	quality	
of	the	granule	content	being	released	to	the	oral	cavity.11

4.6 | Phagocytosis

Comparison	of	the	total	number	of	phagocytes	shows	a	significant	
increase	 among	 the	 proinflammatory	 cells,	 as	well	 as	 the	 bacteria	
stimulated	cells.	Some	genetic	disorders	with	impaired	phagocytosis	
are	strongly	associated	with	severe	aggressive	periodontal	disease.	
In	the	past,	this	led	to	the	theory	that	this	neutrophil	dysfunction	is	
one	of	 the	main	causes	of	aggressive	periodontitis,	or	periodontal	
disease	in	general.	However,	theories	that	are	more	recent	suggest	
that	hyperactivity	of	neutrophils	could	be	responsible	for	periodon-
tal	 tissue	 damage,	 particularly	 in	 chronic	 periodontitis.35,48	 This	
model	aligns	with	our	observation	of	increased	phagocytosis	in	the	
oral	neutrophils	of	patients	with	chronic	periodontitis	compared	to	
healthy	 controls.	 Furthermore,	 more	 early	 phagosomes	 were	 ob-
served	in	the	proinflammatory	neutrophils.	These	phagosomes	show	
engulfed	bacteria	that	have	not	yet	been	digested.	It	was	previously	
demonstrated	 that	 periodontal	 pathogens	 such	 as	P. gingivalis can 
inhibit	phagocytosis	by	using	microbial	factors	such	as	gingipains49

; 
therefore,	it	is	interesting	that	the	health	associated	S. oralis,	in	con-
trast,	induced	phagocytosis	in	the	naïve	cells.

4.7 | Conclusions

We	have	 characterized	 the	morphology	 of	 the	 para-	inflammatory	
phenotype	displayed	by	oral	neutrophils	in	health,	and	compared	it	
to	the	naïve	morphology	of	the	blood	neutrophil	and	the	proinflam-
matory	expression	in	oral	neutrophils	in	chronic	periodontitis.	This	
morphology	can	be	partially	induced	by	incubation	of	neutrophils	in	
vitro	with	bacteria.	As	bacterial	challenge	is	constant	in	the	oral	cav-
ity,	 para-	inflammation	 is	 a	 normal	 physiologic	 process	 carried	 out	
by	neutrophils	to	contain	the	commensal	biofilm	without	exposing	
the	host	to	the	harmful	effect	of	a	fully	active	neutrophil	response.	
However,	this	is	a	delicate	balance,	and	dysbiosis	of	microbial	popu-
lations	in	the	oral	cavity	can	cause	a	shift	towards	a	proinflammatory	
environment,	which	 includes	 full	 activation	of	neutrophils,8	which	
promotes	 progression	 to	 periodontal	 tissue	 loss	 and	 periodontal	
disease.	Furthermore,	inherent	hyperactivity	of	the	oral	neutrophils	
could	predispose	to	periodontal	disease,	and	could	partially	explain	
the	different	susceptibility	 to	 it	between	different	 individuals	and	
populations.	Directly	visualizing	cells	and	their	components	via	TEM	
enhances	 our	 understanding	 of	 neutrophil	 activation	 state	 differ-
ences	in	oral	health	and	disease	obtained	from	molecular	studies.
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