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Abstract
Recent	years	have	led	to	increased	effort	to	describe	and	understand	the	peripheral	
nervous	system	and	its	influence	on	central	mechanisms	and	behavior	in	gastropod	
molluscs.	This	study	revealed	that	an	antibody	raised	against	keyhole	limpet	hemo‐
cyanin	 (KLH)	 cross‐reacts	with	an	antigen(s)	 found	extensively	 in	both	 the	central	
and	the	peripheral	nervous	systems	of	Biomphalaria alexandrina.	The	results	revealed	
KLH‐like	 immunoreactive	 (LIR)	 neurons	 in	 the	 cerebral,	 pedal,	 buccal,	 left	 pleural,	
right	parietal,	and	visceral	ganglion	within	the	CNS	with	fibers	projecting	throughout	
all	the	peripheral	nerves.	Numerous	KLH‐LIR	peripheral	sensory	neurons	located	in	
the	foot,	lips,	tentacles,	mantle,	esophagus,	and	penis	exhibited	a	bipolar	morphology	
with	long	tortuous	dendrites.	KLH‐LIR	cells	were	also	present	in	the	eye	and	stato‐
cyst,	thus	suggesting	the	labeling	of	multiple	sensory	modalities/cell	types.	KLH‐LIR	
cells	did	not	co‐localize	with	tyrosine	hydroxylase	(TH)‐LIR	cells,	which	have	previ‐
ously	been	described	in	this	and	other	gastropods.	The	results	thus	provide	descrip‐
tions	of	thousands	of	peripheral	sensory	neurons,	not	previously	described	in	detail.	
Future	research	should	seek	to	pair	sensory	modalities	with	peripheral	cell	type	and	
attempt	 to	 further	elucidate	 the	nature	of	KLH‐like	 reactivity.	These	 findings	also	
emphasize	the	need	for	caution	when	analyzing	results	obtained	through	use	of	an‐
tibodies	raised	against	haptens	conjugated	to	carrier	proteins,	suggesting	the	need	
for	 stringent	 controls	 to	help	 limit	potential	 confounds	caused	by	cross‐reactivity.	
In	addition,	this	study	is	the	first	to	describe	neuronal	cross‐reactivity	with	KLH	in	
Biomphalaria,	which	could	provide	a	substrate	for	host‐parasite	 interactions	with	a	
parasitic	trematode,	Schistosoma.
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1  | INTRODUC TION

Gastropod	molluscs	have	been	used	extensively	as	models	for	elu‐
cidating	 the	 neuronal	 substrates	 of	 behavior	 (Carew,	 Walters,	 &	
Kandel,	1981;	Chase,	2002;	Kandel,	1979;	Voronezhskaya	&	Croll,	
2016;	Willows,	1985,	1986).	While	much	of	this	work	has	focused	on	
central	mechanisms	underlying	motor	program	generators	and	the	
plasticity	of	both	simple	reflexes	and	more	complex	behaviors	(see	
also	Spencer,	Rothwell,	&	Benjamin,	2017),	numerous	neuroanatomi‐
cal	studies	have	also	described	a	multitude	of	peripheral	neurons	in	
these	animals.	A	large	body	of	evidence	suggests	that	such	cells	not	
only	provide	sensory	input	to	the	central	circuits	but	also	play	impor‐
tant	roles	mediating	local	reflexes	(Croll,	2003;	Leonard	&	Edstrom,	
2004;	Lukowiak	&	Jacklet,	1972).

The	first	detailed	descriptions	of	peripheral	sensory	cells	(PSCs)	
in	gastropods	were	provided	at	the	end	of	the	19th	and	beginning	
of	the	20th	centuries	through	the	use	of	silver	staining	techniques	
(see	Bullock	&	Horridge,	1965;	Voronezhskaya	&	Croll,	2016).	Later,	
sensory	 cells	 were	 identified	 and	 classified	 based	 on	morphology	
determined	 by	 electron	 microscopy	 and	 other	 classical	 histologi‐
cal	methods	 (e.g.,	Davis	&	Matera,	1982;	Emery	&	Audesirk,	1978;	
Göbbeler	&	Klussmann‐Kolb,	2007;	Kataoka,	1976;	Welsch	&	Storch,	
1969;	Zaitseva,	1984;	Zylstra,	1972).	While	some	more	recent	stud‐
ies	 used	 uptake	 of	 amino	 acids	 (Kupfermann,	 Carew,	 &	 Kandel,	
1974),	 lipophilic	 dyes	 (Boudko,	 Switzer‐Dunlap,	&	Hadfield,	 1999),	
or	axonal	tracing	techniques	(backfilling;	Wyeth	&	Croll,	2011)	to	de‐
tect	 peripheral	 neurons	 in	 gastropods,	 immunohistochemistry	 has	
proven	to	be	an	important	and	widely	used	method	for	identifying	
peripheral	neurons.	For	example,	antibodies	raised	against	different	
α‐tubulin	isoforms	revealed	what	appear	to	be	multiple	types	of	pe‐
ripheral	neurons	that	presumably	mediate	numerous	sensory	modal‐
ities	(e.g.,	touch,	chemoreception,	photoreception,	etc.)	in	the	body	
wall	(Carrigan,	Croll,	&	Wyeth,	2015).	The	multitude	of	morphologi‐
cally	distinct	cell	types	that	have	been	revealed	by	such	pan‐neuro‐
nal	 labels	has	been	confirmed	by	 research	demonstrating	multiple	
transmitter	phenotypes.

Immunohistochemistry	 has	 been	 employed	 to	 describe	 pu‐
tative	PSCs	 that	 appear	 to	use	 a	 diversity	 of	 transmitters	 such	 as	
catecholamines	(Croll,	2001;	Croll,	Boudko,	Pires,	&	Hadfield,	2003;	
Croll,	 Voronezhskaya,	 Hiripi,	 &	 Elekes,	 1999;	 Vallejo	 et	 al.,	 2014;	
Voronezhskaya,	Hiripi,	Elekes,	&	Croll,	1999),	histamine	(HA;	Habib	
et	 al.,	 2015;	 Hegedűs	 et	 al.,	 2004;	 Wyeth	 &	 Croll,	 2011),	 nitric	
oxide	(Elphick,	Kemenes,	Staras,	&	O'Shea,	1995;	Serfözö,	Elekes,	&	
Varga,	1998;	Wyeth	&	Croll,	2011),	FMRFamide	(Faller,	Staubach,	&	
Klussmann‐Kolb,	2008;	Nezlin,	Elofsson,	&	Sakharov,	1994;	Nezlin,	
Moroz,	 Elofsson,	 &	 Sakharov,	 1994;	 Suzuki,	 Kimura,	 Sekiguchi,	 &	
Mizukami,	 1997;	Wollesen,	Wanninger,	 &	 Klussmann‐Kolb,	 2007),	
and	 glutamate	 (Hatakeyama,	 Aonuma,	 Ito,	&	 Elekes,	 2007).	 In	 ad‐
dition,	PSCs	and/or	the	peripheral	sensory	endings	of	central	sen‐
sory	cells	have	also	been	demonstrated	by	antibodies	raised	against	
specific	peptides	such	as	sensorin	(McCamphill,	Ferguson,	&	Sossin,	
2017;	 Steffensen,	 Syed,	 Lukowiak,	 Bulloch,	 &	 Morris,	 1995)	 and	
command	 neuron	 peptide	 (Ierusalimsky	&	 Balaban,	 2007).	 Finally,	
along	 with	 the	 use	 of	 transmitter‐specific	 antibodies	 to	 demon‐
strate	peripheral	 neurons,	 putative	 chemosensory	 cells	 have	been	
identified	using	signal	transduction	proteins	(Cummins	et	al.,	2009;	
Kingston,	Chappell,	Miller,	Lee,	&	Speiser,	2017;	Mazzatenta,	Pelosi,	
&	Cellerino,	2004).

Thus,	 much	 of	 our	 present	 knowledge	 about	 sensory	 cells	 in	
gastropods	 is	derived	from	studies	using	highly	specific	antibodies	
against	 substances	 known	 to	 be	 expressed	 in	 neurons.	 However,	
observations	 from	 other	 animal	 groups	 suggest	 that	 important	
advances	 could	 also	 emerge	 from	 serendipitous	 results	 involv‐
ing	cross‐reactivity	of	antibodies.	For	 instance,	Jan	and	Jan	 (1982)	
demonstrated	that	antibodies	raised	against	horseradish	peroxidase	
(HRP)	label	many,	if	not	all,	neurons	in	insects,	and	in	doing	so,	they	
revealed	 PSCs	 that	 had	 previously	 gone	 undetected.	 Subsequent	
research	 relied	 on	HRP‐like	 immunoreactivity	 (‐LIR)	 to	 study	neu‐
ral	 development	 in	 insects,	 thus	 laying	 a	 foundation	 for	 our	mod‐
ern	understanding	of	mechanisms	underlying	axonal	guidance	(Blair,	
Murray,	&	Palka,	1987;	Caudy	&	Bentley,	1986)	and	synaptogenesis	
(Packard	et	al.,	2002).	Other	studies	demonstrated	that	antibodies	
raised	 against	 HRP	 also	 labeled	 neurons	 in	 other	 Ecdysozoa	 (i.e.,	
Caenorhabditis elegans;	 Paschinger,	 Rendić,	 &	 Wilson,	 2009).	 As	
another	 example	 of	 fortuitous	 cross‐reactivity,	 Riddle	 and	Oakley	
(1992)	reported	labeling	of	olfactory	sensory	neurons	in	trout	using	
antibodies	 raised	 against	 keyhole	 limpet	 hemocyanin	 (KLH).	 Since	
then,	 these	 antibodies	 have	 been	 used	 to	 label	 olfactory	 sensory	
neurons	in	other	fish	and	are	still	used	routinely	to	examine	olfactory	
afferent	pathways	and	their	development	(Braubach,	Fine,	&	Croll,	
2012;	Braubach	et	al.,	2013).

Here	we	report	that	antibodies	against	KLH	also	 label	both	cen‐
tral	and	peripheral	neurons	in	snails	and	reveal	what	appears	to	be	a	
novel	class(es)	of	PSCs	in	these	animals.	We	further	describe	the	dis‐
tributions	of	the	peripheral,	KLH‐LIR	cells	in	various	organs	and	com‐
pare	those	neurons	with	cells	that	are	tyrosine	hydroxylase	(TH)	‐LIR	
and	constitute	the	most	numerous,	previously	described	set	of	PSCs.	
These	findings	advocate	caution	 in	the	 interpretation	of	results	 that	
rely	upon	antibodies	generated	against	haptens	(such	as	short	peptide	

Significance
This	 study	 shows	 that	 antibodies	 against	KLH	 cross‐react	
with	thousands	of	previously	undescribed	neurons	in	snails.	
These	cells	appear	to	be	mostly	sensory	and	located	in	the	
peripheral	nervous	system,	which	is	relatively	unexplored	in	
gastropods.	This	report	also	raises	caution	when	interpret‐
ing	studies	relying	on	antibodies	that	use	KLH	as	a	carrier	
protein	and	suggests	the	need	for	stringent	controls.	Finally,	
Biomphalaria alexandrina	 is	 the	 intermediate	 host	 for	 the	
parasite	that	causes	schistosomiasis.	KLH‐like	immunoreac‐
tivity	has	been	a	 focus	of	studies	examining	host/parasite	
interactions	and	we	provided	the	first	histological	localiza‐
tion	of	the	antigen(s)	in	snails.
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sequences)	 conjugated	 to	KLH.	Such	antibodies	are	widely	available	
from	commercial	sources	due	to	the	extensive	use	of	KLH	as	a	strongly	
immunogenic	carrier	protein	(Harris	&	Markl,	1999;	Lateef	et	al.,	2007).	
Specifically,	we	demonstrate	that	 labeling	of	cells	 in	Biomphalaria al-
exandrina	 by	 antibodies	 raised	 against	 vesicular	 GABA	 transporter	
(VGAT)	 is	due	 to	 reactivity	of	 the	binding	site	with	KLH,	 the	carrier	
protein	used	in	the	generation	of	the	antiserum.

2  | METHODS

2.1 | Animals

Colonies	 of	 Biomphalaria alexandrina	 were	 maintained	 at	 20–25°C	
under	a	10/14	hr	dark/light	cycle.	Snails	were	 reared	 in	a	series	of	
tanks	with	continuously	aerated,	carbon‐filtered	tap	water	that	was	
conditioned	with	600	mg/L	sea	salts	(Instant	Ocean.	Blacksburg,	VA,	
USA)	and	26.4	mg/L	sodium	bicarbonate.	Approximately	10%–20%	
of	the	aquarium	water	was	drained	and	replaced	with	freshly	condi‐
tioned	water	every	2	weeks	and	supplemented	with	crushed,	chicken	
eggshells	 as	 an	 additional	 calcium	 source.	 Snails	were	 fed	 romaine	
lettuce	 and	 carrots	 ad lib.	 All	 animal	 care	 and	 use	 were	 approved	
by	 the	 University	 Committee	 on	 Laboratory	 Animals	 at	 Dalhousie	
University.

2.2 | Dissection and fixation protocol

Biomphalaria alexandrina	with	8–12	mm	shell	diameter	were	anes‐
thetized	in	a	bath	of	50	mM	of	MgCl2	for	1–2	hr	prior	to	dissection.	
The	dissections	were	performed	in	pond	snail	saline	(PSS;	Wyeth,	
Croll,	Willows,	&	Spencer,	2009)	with	0.125%	of	1‐phenoxy‐2‐pro‐
panol	 (PP;	MilliporeSigma,	 Oakville,	 ON,	 CAN;	 #484423)	 added	
as	a	 further	anesthetic	and	 relaxant	 (Wyeth	et	al.,	2009;	Wyeth	
&	Croll,	2011).	The	CNS,	tentacles,	lips,	foot	pad,	penis,	and	man‐
tle	were	harvested	and	then	the	peripheral	tissues	and	CNS	were	
processed	separately.

The	peripheral	 tissues	were	 treated	with	0.25%	of	collagenase	
(MilliporeSigma;	#C9891)	in	PP‐PSS	for	approximately	40	min	to	in‐
crease	permeability	of	the	antibodies.	The	tissues	were	then	rinsed	
several	times	with	PP‐PSS	and	flattened	between	a	glass	slide	and	
coverslips.	Next,	250	µl	of	fixative	was	applied	to	an	edge	of	each	
coverslip	to	enable	fixative	to	penetrate	the	tissue	through	capillary	
action	and	held	at	4°C	 for	 an	hour.	The	 flattened	 tissue	was	 then	
unmounted	 and	 transferred	 to	 Eppendorf	microvials	 with	 fixative	
and	placed	on	a	rotating	shaker	(Cole‐Parmer,	Roto‐Torque,	model	#	
7637)	overnight	at	4°C.

The	CNS	was	processed	by	first	cutting	the	cerebral	commissure	
and	then	pinning	the	cerebral	ganglia	laterally	to	the	rest	of	the	CNS	
in	 a	dish	 lined	with	Sylgard	 (Dow‐Corning,	Midland,	MI,	USA)	 and	
containing	PP‐PSS.	The	CNS	was	next	incubated	in	0.25%	of	prote‐
ase	(MilliporeSigma,	#P0384)	in	PP‐PSS	for	12–16	min	to	soften	the	
connective	tissue	sheath,	and	then	rinsed	several	times	with	PP‐PSS.	
The	CNS	was	next	submerged	in	fixative	while	pinned	in	the	Sylgard‐
lined	Petri	dish	overnight	at	4°C.

Preliminary	experiments	 revealed	detectable	 immunoreactivity	
with	all	antibodies	used	in	this	study	following	fixation	with	4%	of	
paraformaldehyde	in	0.1	M	of	phosphate	buffer	(pH	7.4).	Subsequent	
experiments,	however,	allowed	the	fixation	protocol	to	be	optimized	
for	each	antibody	used.	For	the	results	described	in	this	paper,	a	solu‐
tion	of	nine	parts	methanol	and	one	part	formaldehyde	(9	MeOH:1	
CH2O)	was	used	for	fixing	samples	that	were	processed	using	anti‐
bodies	raised	against	VGAT/KLH,	KLH	alone	and	TH.	A	periodate‐
lysine‐paraformaldehyde	 (PLP)	 solution	 based	 on	 the	 protocols	 of	
McLean	and	Nakane	(1974)	and	Gunaratne,	Sakurai,	and	Katz	(2014)	
with	final	concentrations	of	0.01	M	of	periodate,	0.075	M	of	lysine,	
and	2%	of	paraformaldehyde	in	0.1	M	of	phosphate	buffer	at	pH	7.4	
was	used	for	samples	that	were	processed	with	antibodies	against	
GABA	and	glycine	(see	Supporting	Info.).

2.3 | Immunohistochemistry protocol

The	antibody	incubations	were	performed	at	4°C	and	the	subse‐
quent	washes	were	carried	out	at	room	temperature.	All	 incuba‐
tions	 and	washes	were	 performed	with	 gentle	 agitation	 using	 a	
rotary	 shaker.	 After	 tissues	 were	 fixed,	 they	 were	 rinsed	 three	
times	 and	 then	 washed	 with	 phosphate	 buffered	 saline	 (PBS;	
100	 mM	 of	 HNaPO4/Na2PO4	 buffer,	 140	 mM	 of	 NaCl,	 pH	 7.4)	
with	four	changes	over	3	hr.	Connective	tissue	that	was	difficult	to	
remove	prior	to	fixation	was	removed	from	the	CNS	using	forceps	
during	the	PBS	washes.	Peripheral	tissues	were	then	incubated	in	
a	solution	of	3%	of	H2O2	and	1%	of	KOH	for	30	min	as	a	depigmen‐
tation	step	(Javidan	&	Schilling,	2004).	The	tissues	were	next	 in‐
cubated	in	2%	of	Triton	X‐100	in	PBS	(2%	PBT)	for	1	hr	to	increase	
permeability	of	reagents;	they	were	then	washed	in	blocking	me‐
dium	containing	0.1%	of	Triton	X‐100,	1%	of	normal	 goat	 serum	
or	normal	donkey	serum,	and	1%	of	bovine	serum	albumin	(BSA)	
in	PBS,	for	30	min	and	next	transferred	to	a	fresh	vial	of	blocking	
medium	for	overnight	incubation.	After	blocking,	tissues	were	in‐
cubated	in	a	solution	containing	one	or	two	primary	antibodies	in	
blocking	medium	(see	Table	1	for	specifics	for	each	antibody)	for	
7	days.	Tissues	were	then	rinsed	three	times	 in	PBS	and	washed	
for	three	changes	over	3	hr	in	0.5%	PBT;	they	were	subsequently	
incubated	for	1	hr	in	blocking	medium	alone	before	incubation	in	
blocking	medium	containing	one	or	two	secondary	antibodies	(see	
Table	2	for	details)	for	5	days.	The	tissues	were	then	rinsed	three	
times	 in	PBS	and	washed	for	 four	changes	over	4	hr.	Finally,	 the	
tissues	were	cleared	in	CUBIC‐1	(Susaki	et	al.,	2014)	for	at	least	a	
day,	and	then	mounted	on	glass	slides	with	CUBIC‐1.

2.4 | Controls

To	 test	 the	 specificity	 of	 the	 VGAT/KLH	 antibodies	 (Synaptic	
Systems),	 separate	 pre‐absorption	 experiments	 using	 either	 the	
VGAT	 synthetic	 peptide	 at	 100	 µg/ml	 (Synaptic	 Systems,	 Cat	
#	 131‐0P),	 or	 the	 immunogenic	 conjugate	 at	 200	 µg/ml	 (KLH;	
MilliporeSigma,	 Oakville,	 ON,	 Cat	 #	 H7017)	 were	 performed	
(Wyeth	&	Croll,	 2011).	 To	 ensure	 specificity	 of	 the	KLH	 antibody	
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(MilliporeSigma)	 pre‐absorption	 experiments	 using	KLH	protein	 at	
200	µg/ml	 (MilliporeSigma,	Cat	#	H7017)	were	conducted	(Wyeth	
&	Croll,	2011).

The	 specificities	 of	 secondary	 antibodies	 were	 determined	 by	
omitting	the	primary	antibody	incubations	and	only	performing	the	
secondary	 incubation	 steps.	Results	 from	 the	use	of	each	primary	
antibody	 with	 multiple	 different	 secondary	 antibodies	 and	 each	
secondary	antibody	with	multiple	different	primary	antibodies	also	
suggested	specificity.

2.5 | Imaging/observations

A	total	of	83	snails	were	examined	with	the	following	numbers	used	
for	each	antibody	and	control	procedure:	VGAT	=	28;	VGATKLH	preab‐
sorption	=	16;	VGATVGAT	peptide	preabsorption	=	3;	KLH	=	16;	KLH/TH	=	8;	
GABA	=	5;	Glycine	=	7.	Images	were	acquired	using	a	Zeiss	LSM	510	
confocal	microscope	with	Zen	2009	software	and	processed	using	
ImageJ	(Schindelin	et	al.,	2012;	https	://fiji.sc/)	and	Photoshop	CS2	
(Adobe	Systems,	Inc.,	San	Jose,	CA,	USA)	for	whole	image	changes	
in	 contrast	 and	 brightness	 to	 ensure	 consistency	 within	 plates.	
Immunoreactive	neurons	were	mapped	in	the	CNS,	and	ImageJ	soft‐
ware	was	used	for	estimating	cell	densities	and	sizes.

Three	 different	 methods	 were	 used	 to	 estimate	 cell	 den‐
sity	depending	on	the	orientation	of	the	epithelium.	Where	the	

surface	 area	 of	 the	 epithelium	was	 observed	 oriented	 roughly	
parallel	 to	 the	 x/y	 plane,	 cells	 were	 counted	 using	 the	 ImageJ	
Cell	Counter	plug‐in	(http://rsbweb.nih.gov/ij/plugi	ns/cell‐count	
er.html)	in	sampled	regions	defined	and	measured	by	the	rectan‐
gle	tool.	Confocal	stacks	of	sampled	regions	included	all	somata	
of	 cells	 seen	 projecting	 to	 the	 parallel	 epithelium.	 In	 locations	
where	the	cells	projected	to	the	edge	of	the	tissue	and	surface	
area	of	 the	epithelium	was	 approximately	 perpendicular	 to	 the	
x/y	plane,	the	area	of	sampled	regions	was	estimated	using	the	
depth	of	the	z‐plane	(voxel	depth	×	number	of	slices)	multiplied	
by	 the	 length	 of	 the	 sampled	 region.	 In	 tissues	 that	 displayed	
clearly	defined	boundaries,	such	as	the	flap	lateral	to	the	tenta‐
cle,	 all	 cells	were	 counted,	 and	 the	 surface	 area	was	measured	
using	 the	 freehand	 draw	 tool.	 All	 cell	 densities	were	 therefore	
calculated	 with	 reference	 to	 the	 surface	 area	 of	 the	 overlying	
epithelium.

The	 line	 tool	 in	 ImageJ	was	used	 to	measure	 the	diameters	of	
the	generally	spherical	central	somata	and	the	major	and	minor	axes	
of	 the	more	elongated	peripheral	cell	bodies.	To	 improve	the	esti‐
mates	of	peripheral	cell	body	dimensions,	only	cell	bodies	that	were	
positioned	with	 their	 long	axis	 roughly	parallel	 to	 the	x–y	plane	of	
the	photograph	were	measured.	The	Simple	Neurite	Tracer	plugin	
for	ImageJ	was	used	to	measure	dendrite	lengths	(Longair,	Baker,	&	
Armstrong,	2011).

TA B L E  1  Primary	antibodies	and	fixative	used	in	this	study

Label Fixative 1° Antibody Dilution (µl) Supplier/location Catalog # RRID

GABA PLP Rabbit	anti‐GABA (1:100) MilliporeSigma	Oakville,	
ON,	Canada

A2052 AB_477652

Glycine PLP Rabbit	
anti‐Glycine

(1:100) MilliporeSigma	Oakville,	
ON,	Canada

AB	139 AB_90582

TH 9	MeOH:1	CH2O Mouse	anti‐rat	TH (1:100) Immunostar	Hudson,	WI,	
USA

22941 AB_572268

KLH 9	MeOH:1	CH2O Rabbit	anti‐KLH (1:200) MilliporeSigma	Oakville,	
ON,	Canada

H0892 AB_260011

VGAT 9	MeOH:1	CH2O Rabbit	anti‐rat	
VGAT

(1:200) Synaptic	Systems	
Göttingen,	Germany

131 002 AB_887871

Note: Fixatives	used	were	either	a	periodate‐lysine‐paraformaldehyde	(PLP;	McLean	&	Nakane,	1974)	solution	or	a	solution	of	nine	parts	methanol	
and	one	part	formaldehyde	(9	MeOH:1	CH2O;	RRID	=	Research	Resource	Identifier;	https	://scicr	unch.org/resou	rces).

TA B L E  2  Secondary	antibodies	used	in	this	study

Fluorophore 2° Antibody Catalog # Dilution (µl) RRID

Alexa	Fluor®	555 Goat	anti‐Rabbit A‐21428 (1:500) AB_2535849

Alexa	Fluor®	555 Donkey	anti‐Rabbit A‐31572 (1:500) AB_162543

Alexa	Fluor®	555 Goat	anti‐mouse A‐21422 (1:500) AB_2535844

Alexa	Fluor®	488 Donkey	anti‐mouse A‐21202 (1:500) AB_141607

Alexa	Fluor®	488 Donkey	anti‐Rabbit A‐21206 (1:500) AB_2535792

Note: All	antibodies	were	obtained	from	Life	Technologies	(Burlington,	ON,	Canada;	RRID	=	Research	Resource	Identifier;	https	://scicr	unch.org/
resou	rces).

https://fiji.sc/
http://rsbweb.nih.gov/ij/plugins/cell-counter.html
http://rsbweb.nih.gov/ij/plugins/cell-counter.html
info:x-wiley/rrid/RRID:AB_477652
info:x-wiley/rrid/RRID:AB_90582
info:x-wiley/rrid/RRID:AB_572268
info:x-wiley/rrid/RRID:AB_260011
info:x-wiley/rrid/RRID:AB_887871
https://scicrunch.org/resources
info:x-wiley/rrid/RRID:AB_2535849
info:x-wiley/rrid/RRID:AB_162543
info:x-wiley/rrid/RRID:AB_2535844
info:x-wiley/rrid/RRID:AB_141607
info:x-wiley/rrid/RRID:AB_2535792
https://scicrunch.org/resources
https://scicrunch.org/resources
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3  | RESULTS

3.1 | VGAT/KLH

Antibodies	raised	against	the	VGAT/KLH	conjugate	yielded	consist‐
ent	staining	of	neurons	in	the	buccal,	cerebral,	and	pedal	ganglia	and	
occasionally	 of	 neurons	 in	 the	 parietal	 and	 the	 visceral	 ganglia	 of	
Biomphalaria alexandrina.	An	extensive	network	of	labeled	fibers	was	
also	seen	coursing	throughout	the	entire	central	nervous	system	and	
in	all	nerves	projecting	to	and	from	the	periphery	(Figure	1).	Details	
of	 the	stained	cells	and	axons	will	be	given	below	but	notable	ex‐
amples	include	a	population	of	25–46	cells	(n	=	8)	that	were	located	
medially	on	the	caudal	surface	of	each	buccal	ganglion,	close	to	the	
buccal	commissure	(Figure	1a).	The	cerebral	ganglia	also	consistently	
showed	 VGAT/KLH‐like	 immunoreactive	 (LIR)	 staining	 in	 a	 lateral	
cluster	 consisting	of	6–14	cells	 (Figure	1b);	 this	 lateral	 cluster	was	
located	 between	 the	 cerebral‐pleural	 and	 cerebral‐pedal	 connec‐
tives	and	its	axons	projected	anteriorly	prior	to	looping	back	through	
the	cerebral‐pedal	connective	(Figure	1b).	The	cerebral	ganglia	also	
had	VGAT/KLH‐LIR	staining	at	the	base	of	the	tentacular	nerve	and	
cerebral	 commissure	 but	 the	 high	 background	 did	 not	 permit	 the	
outlines	of	structures	to	be	clearly	discerned	(not	shown).	The	pedal	
ganglia	showed	bilaterally	symmetrical	clusters	of	cells	on	the	medial	
dorsal	(Figure	1c,	arrowheads),	and	ventral	lateral	regions	(Figure	1c,	
asterisks).	The	medial	dorsal	clusters	consisted	of	2–4	cells	with	pro‐
jections	through	the	pedal	commissure,	whereas	the	ventral	lateral	
region	had	three	clusters,	each	consisting	of	4–9	cells	(not	shown).	

The	anterior	region	exhibited	a	densely	stained	mass	of	fibers	from	
the	pedal	nerves	(Figure	1c,	hollow	arrowhead).	Finally,	VGAT/KLH‐
LIR	staining	was	consistently	observed	in	the	statocysts	(Figure	1c,	
St).

The	 foot,	 preputium,	mantle,	 and	 esophagus	 all	 contained	 nu‐
merous	 nerves	 and	 PSCs	 that	 were	 labeled	 by	 antibodies	 against	
VGAT/KLH	 (Figure	2).	 These	 cells	 possessed	 long	 apical	 dendrites	
that	projected	to	body	wall	surfaces	and	axons	that	entered	the	pe‐
ripheral	 nerves.	 The	most	 prominent	 labeling	was	 seen	 in	 the	 lips	
(Figure	2a),	and	in	the	flap	lateral	to	the	base	of	each	cephalic	ten‐
tacle	(Figure	2b).	Also,	the	surface	of	the	epithelium	often	displayed	
significant	 immunoreactivity	 (Figure	2a).	 In	addition,	 labeled	fibers	
were	observed	in	the	optic	nerve	exiting	the	eye,	which	was	located	
medial	to	the	base	of	each	tentacle	(Figure	2c).

The	 staining	 pattern	 in	 the	 CNS	 and	 periphery	 persisted	 in	
control	preparations	 following	pre‐absorption	of	 the	VGAT/KLH	
antibodies	with	the	VGAT	peptide	but	was	abolished	in	the	con‐
trol	experiments	involving	pre‐absorption	with	KLH	(not	shown).	
In	 addition,	 GABA	 and	 possibly	 glycine	 might	 be	 expected	 to	
colocalize	 with	 VGAT	 (Chaudhry	 et	 al.,	 1998;	 McIntire,	 Reimer,	
Schuske,	Edwards,	&	Jorgensen,	1997),	but	results	obtained	using	
antibodies	against	GABA	and	glycine	produced	different	staining	
patterns	 from	that	observed	 for	VGAT/KLH‐LIR	 (see	Supporting	
Info.);	staining	patterns	produced	by	GABA	were	consistent	with	
those	 in	B. glabrata	 (Vaasjo	 et	 al.,	 2018)	 and	 shared	 similarities	
with	 other	 species	 (Díaz‐Ríos,	 Suess,	 &	Miller,	 1999;	Gunaratne	
et	al.,	2014).

F I G U R E  1  VGAT/KLH‐LIR	staining	in	the	CNS	of	B. alexandrina.	(a)	Caudal	perspective	of	the	buccal	ganglia	showing	25–46	cells	labeled	
along	the	caudal‐medial	surface	of	each	hemiganglion	(brackets;	scale	bar	=	100	µm;	ET	=	esophageal	trunk;	BC	=	buccal	commissure;	
CBC	=	cerebral‐buccal	connective).	(b)	Ventral	perspective	of	the	right	cerebral	ganglion	showing	a	lateral	cluster	consisting	of	10–12	cells	
(arrow)	with	processes	projecting	anteriorly	(arrowhead)	before	passing	through	the	cerebral‐pedal	connective	(CPeC;	scale	bar	=	50	µm).	
(c)	Dorsal	perspective	of	the	pedal	ganglia	showing	fibers	projecting	throughout	the	ganglia	and	all	visible	nerves	and	connectives;	dorsal‐
medial	clusters	containing	2–4	cells	(solid	arrowheads),	immunoreactive	fiber	mass	along	the	anterior‐medial	surface	consisting	of	fibers	
from	all	three	pedal	nerves	(hollow	arrowheads),	immunoreactive	labeling	in	the	statocysts	(St).	The	asterisk	represents	the	approximate	
location	of	three	ventral	clusters	of	4–9	cells	(scale	bar	=	100	µm;	APeN	=	anterior	pedal	nerve;	PeC	=	pedal	commissure)
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3.2 | KLH

The	 results	 above	 suggest	 that	 staining	 with	 the	 VGAT/KLH	 an‐
tibody	might	have	been	due	 to	binding	 to	a	KLH‐like	epitope(s)	 in	
Biomphalaria.	This	possibility	was	confirmed	with	the	use	of	antibod‐
ies	raised	exclusively	against	KLH	itself.

3.2.1 | Central nervous system

KLH‐LIR	neurons	were	most	abundant	 in	the	buccal,	cerebral,	and	
pedal	ganglia	in	a	pattern	that	was	identical	to	that	observed	when	
using	 antibodies	 against	 VGAT/KLH	 and	 labeled	 fibers	 could	 be	
found	projecting	through	all	peripheral	nerves	(Figure	3).	However,	
the	KLH‐LIR	staining	was	generally	more	 intense	and	clearer	 than	
labeling	produced	by	anti‐VGAT/KLH.

The	 buccal	 ganglia	 contained	 bilaterally	 symmetric	 clusters	 of	
approximately	 50	 immunoreactive	 neurons	 on	 the	 dorsal‐caudal	
surfaces	 (Figure	 3a,	 brackets).	 KLH‐LIR	 fibers	 passed	 through	 the	
buccal	 commissure,	 cerebral‐buccal	 connective	 and	 all	 peripheral	
nerves	(e.g.,	parabuccal	nerve,	esophageal	trunk,	etc.).

Each	cerebral	hemiganglion	contained	at	 least	three	symmetric	
clusters	of	cell	bodies	(Figure	3b).	The	ventral	surface	of	the	cerebral	
ganglia	had	a	cluster	of	KLH‐LIR	neurons	containing	approximately	
seven	 cell	 bodies	 that	 ranged	 13–22	 µm	 in	 diameter	 (Figure	 3b,	
arrow).	This	cluster	was	 located	midway	between	the	bases	of	the	
cerebral‐pleural	 and	 cerebral‐pedal	 connectives	 with	 projections	
that	 curved	 anteriorly	 before	 entering	 the	 cerebral‐pedal	 connec‐
tive	 (Figure	3c).	These	cells	were	thus	 identical	to	those	described	
above	 following	use	of	 the	antibody	 raised	against	VGAT/KLH	 (cf.	
Figure	1b).	 Further	 posterior,	 a	 dimly	 stained	 cerebral	 cluster	was	

often	 obscured	 by	 immunoreactive	 fibers	 and	was	 therefore	 only	
viewed	in	three	out	of	18	preparations	(not	shown).	In	addition,	two	
clusters	consisting	of	7–8	cell	bodies	ranging	10–18	µm	in	diameter	
(not	shown)	and	five	large	cell	bodies	ranging	22–35	µm	in	diameter	
(Figure	3b,	arrowheads)	were	consistently	observed	near	the	base	of	
the	tentacular	nerve.

KLH‐LIR	labeling	in	the	pedal	ganglia	revealed	four	symmetrical	
clusters	of	neurons	(Figure	3d,e).	Three	of	the	clusters	were	located	
on	 the	 ventral‐lateral	 surface	 near	 the	 cerebral‐pedal	 connective	
and	 had	 processes	 that	 projected	 toward	 the	 pedal	 commissure	
(Figure	3d,	brackets).	These	ventral	 lateral	clusters	each	contained	
4–10	cells	with	diameters	ranging	8–17	µm	(Figure	3e,	arrowheads).	
The	 fourth	 symmetrical	 cluster	was	 located	on	 the	dorsal	 surface	
posterior	 to	 the	 midline	 that	 would	 divide	 the	 anterior‐posterior	
axis;	 this	cluster	contained	 two	 to	 four	 relatively	 large	 (14–40	µm	
in	diameter)	neurons	that	projected	through	the	pedal	commissure	
(Figure	3d,	arrowheads).	In	addition	to	these	clusters,	small	groups	of	
cells	were	scattered	inconsistently	in	ventral‐anterior	regions	of	the	
pedal	ganglia	(Figure	3e,	asterisks),	although	no	clearly	labeled	fibers	
were	 detected	 exiting	 these	 cells.	 Elsewhere	 in	 the	 pedal	 ganglia,	
however,	KLH‐LIR	axons	were	plentiful	in	the	neuropil.	The	anterior,	
medial,	and	posterior	pedal	nerves	also	all	contained	numerous	KLH‐
LIR	fibers	that	seemed	to	coalesce	to	form	a	large	plexus	or	glomeru‐
lus	at	their	bases	(Figure	3d,	asterisk).	Finally,	KLH	immunoreactivity	
also	appeared	to	outline	all	cells	of	the	statocysts	(Figure	3d,e,	St).

The	 remaining	KLH‐LIR	neurons	were	scattered	 in	 the	parietal	
and	visceral	ganglia	(not	shown).	The	left	and	right	parietal	ganglia	
each	 contained	 a	 single	 cell	 body	 that	was	 located	on	 the	 ventral	
surface;	the	cell	found	in	the	left	parietal	ganglia	was	about	60	µm	
in	diameter	whereas	the	cell	 in	the	right	parietal	was	about	30	µm	

F I G U R E  2  VGAT/KLH‐LIR	staining	in	the	periphery	of	B. alexandrina.	(a)	Edge	of	the	lip	showing	clustered	cell	bodies	(arrowheads)	with	
dendrites	projecting	to	the	epithelium,	and	axons	forming	bundles	within	a	branch	of	one	of	the	lip	nerves	(arrow;	scale	bar	=	25	µm).	(b)	
Ventral	pouch,	located	on	the	flap	that	is	lateral	to	the	cephalic	tentacle	containing	numerous	bipolar	peripheral	sensory	cells	with	dendrites	
(arrows)	projecting	to	the	edge	and	ventral	surface	of	the	lateral	flap.	A	few	cell	bodies	are	indicated	by	the	arrowheads	(scale	bar	=	50	µm).	
(c)	The	eye,	located	on	a	flap	medial	to	the	cephalic	tentacle	showing	strong	immunoreactivity	within	the	optic	nerve	(ON;	scale	bar	=	50	µm)
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in	diameter.	The	visceral	ganglion	contained	one	to	three	cell	bod‐
ies	that	sporadically	labeled	within	the	neuropil	and	were	often	ob‐
scured	by	immunoreactive	fibers	(not	shown).

3.2.2 | Peripheral nervous system

The	epithelial	surface	of	the	entire	body	wall	exhibited	substantial	
immunoreactivity	(Figures	5	and	6).	 In	addition,	subepithelial	KLH‐
LIR	PSCs	were	also	found	in	all	body	regions	examined	in	this	study.	
For	 example,	 immunohistochemistry	 revealed	 KLH‐LIR	 cells	 and	
fibers	along	the	shaft	of	the	tentacles	and	at	their	bases.	KLH‐LIR	

somata	were	sparsely	scattered	along	the	lengths	of	each	tentacle	
(Figure	4a,b)	at	an	estimated	density	of	115	cells/mm2 (SD = 0,	n	=	1)	
of	surface	body	area.	As	with	the	peripheral	cells	exhibiting	VGAT/
KLH‐like	 immunoreactivity,	these	bipolar	cells	also	appeared	to	be	
sensory,	each	with	a	single,	long	dendrite	projecting	to	the	surface,	
and	an	axon	projecting	to	the	base	of	the	tentacle	(Figure	5c,d),	where	
it	appeared	to	join	with	other	axons	forming	the	tentacular	nerve	of	
the	cerebral	ganglion	(Figure	4a,	TN).	The	major	and	minor	axes	of	
the	KLH‐LIR	cell	bodies	in	the	tentacle	were	11	µm	(SD = 1.95,	n	=	39)	
and	6.1	µm	(SD = 0.77,	n	=	39),	respectively,	and	the	mean	dendritic	
length	was	86.6	µm	(SD = 13.90,	n	=	11).	Lateral	to	the	base	of	the	

F I G U R E  3  KLH‐LIR	staining	in	the	CNS	of	B. alexandrina.	(a)	Dorsal	perspective	of	the	buccal	ganglia	showing	approximately	50	cells	
labeled	along	the	caudal‐medial	surface	of	each	hemiganglion	(brackets)	with	immunoreactive	fibers	projecting	through	the	esophageal	
trunk	(ET),	the	parabuccal	nerve	(PBN),	buccal	commissure	(BC),	and	the	cerebral‐buccal	connective	(CBC;	scale	bar	=	100	µm).	(b)	Ventral	
perspective	of	the	right	cerebral	ganglion	showing	five	large	cells	(arrowheads)	labeled	at	the	base	of	the	tentacular	nerve	(TN),	ventral‐
lateral	cluster	containing	7–9	cell	bodies	(arrow),	and	a	large	cluster	of	cells	partially	visible	(asterisk)	at	the	base	of	the	cerebral	commissure	
(CC).	Immunoreactive	fibers	can	be	seen	projecting	through	all	peripheral	nerves	and	connectives	(scale	bar	=	100	µm;	CPlC	=	cerebral‐
pleural	connective).	(c)	High	magnification	micrograph	of	the	ventral‐lateral	cluster	containing	7–9	cell	bodies	(bracket),	with	processes	
projecting	anteriorly	through	the	cerebral‐pedal	connective	(CPeC;	scale	bar	=	50	µm).	(d)	Dorsal	perspective	of	the	pedal	ganglia	showing	
fibers	projecting	throughout	the	ganglia	and	all	visible	nerves	and	connectives;	dorsal‐medial	clusters	containing	2–4	cells	(arrowheads),	
immunoreactive	fiber	mass	(asterisk)	along	the	anterior‐medial	surface	consisting	of	fibers	from	all	three	pedal	nerves,	immunoreactive	
labeling	in	the	statocysts	(St),	and	three	ventral	clusters	of	4–9	cells	each	(brackets;	scale	bar	=	200	µm;	APeN	=	anterior	pedal	nerve;	
MPeN	=	medial	pedal	nerve;	PPeN	=	posterior	pedal	nerve;	PePlC	=	pedal‐pleural	connective).	(e)	High	magnification	micrograph	showing	
the	three	ventral	lateral	clusters	(arrowheads),	statocyst,	and	inconsistently	labeled	cells	(asterisk;	scale	bar	=	50	µm)
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tentacle,	the	body	wall	formed	a	small	flap	and	the	bottom	surface	
of	 this	 flap	 invaginated	 to	 form	a	ventral	pouch	 (VP;	Figure	4d–f).	
The	KLH‐LIR	PSCs	in	the	VP	were	similar	in	size	and	shape	to	those	
located	along	the	shaft	of	the	tentacle	and	their	axons	appeared	to	
fasciculate	to	form	a	major	branch	of	the	tentacular	nerve.	The	VP	
contained	the	highest	density	of	KLH‐like	 immunoreactivity	 in	the	
tentacle	with	 an	 estimated	 1,257	 cells/mm2 (SD = 304.06,	n	 =	 8).	
Double	labeling	experiments	demonstrated	that	the	KLH‐LIR	PSCs	
formed	a	distinctly	different	population	from	previously	described	
PSCs	that	exhibit	TH‐like	immunoreactivity	(Vallejo	et	al.,	2014;	data	
not	shown	for	tentacles	but	see	below	for	other	body	regions).	The	
two	cell	types	also	differed	with	regard	to	their	sizes	(TH‐LIR	cells	
were	 smaller),	 shapes	 (TH‐LIR	 cells	were	 rounder	 and	had	 shorter	
dendrites),	and	distributions	(TH‐LIR	cells	were	more	plentiful	along	
the	shaft	of	the	tentacle	and	sparse	in	the	VP).

Medial	 to	 the	 base	 of	 the	 tentacle,	 another	 small	 protrusion	
contained	 the	 eye.	 KLH‐LIR	 cells	 in	 the	 retina	were	 situated	with	
the	 soma	 against	 the	 pigmented	 outer	 layer	 and	 thick	 extensions	
of	these	cells	pointed	inward	toward	the	lens	(Figure	4g).	The	optic	

nerve	contained	numerous	KLH‐LIR	 fibers,	presumably	originating	
from	the	immunoreactive	retinal	cells.

The	lips	also	contained	numerous	KLH‐LIR	PSCs,	similar	to	those	
found	in	the	tentacles,	with	tortuous	processes	extending	a	mean	of	
74.5	µm	(SD	=	19.5,	n	=	29)	(Figure	5).	The	KLH‐LIR	cell	bodies	were	
elongated	with	mean	major	and	minor	axes	of	10.7	µm	(SD = 0.91,	
n	 =	 39)	 and	 5.8	 µm	 (SD = 1.64,	 n	 =	 39),	 respectively.	 Clusters	 of	
PSCs	were	 located	 on	 both	 the	 dorsal	 and	 ventral	 surfaces	 along	
the	length	of	the	lips	and	their	axons	entered	the	terminal	branches	
of	 nerves	 leading	 to	 the	 cerebral	 ganglia	 (Figure	 5).	 The	 KLH‐LIR	
neurons	in	the	lip	had	an	estimated	cell	density	of	3,138	cells/mm2 
(SD = 799,	n	=	12).	Double	labeling	with	antibodies	against	TH	and	
KLH	did	not	reveal	any	co‐localization	(Figure	5c),	providing	further	
evidence	that	antibodies	raised	against	KLH	are	targeting	a	separate	
population	of	neurons.	TH‐LIR	PSCs	were	also	more	densely	packed	
closer	to	the	epithelium	with	shorter	dendritic	processes	extending	
to	the	epithelial	surface	of	the	lip.

KLH‐LIR	 PSCs	 were	 abundant	 on	 the	 anterior	 and	 posterior	
edges	of	the	foot	(Figure	5d),	as	well	as	on	the	dorsal	surface	along	

F I G U R E  4  KLH‐LIR	staining	in	the	cephalic	tentacle	of	B. alexandrina.	The	epithelium	consistently	showed	immunoreactivity,	which	
is	emphasized	after	performing	z‐projections	of	curved	surfaces.	(a,b)	PSCs	labeled	along	the	shaft	of	the	tentacle	(arrowheads)	axons	
indicated	by	arrows	(scale	bar	=	25	µm	(a);	scale	bar	=	50	µm	(b)).	(c)	High	magnification	micrograph	of	fibers	(arrowheads)	projecting	along	
the	tentacular	shaft	and	PSCs	innervating	the	medial	flap	(arrows);	asterisk	indicates	the	eye	(scale	bar	=	50	µm).	(d)	Overview	of	the	base	of	
the	tentacle	showing	numerous	immunorective	PSCs	in	the	ventral	pouch	(VP)	of	the	lateral	flap	with	projections	into	the	tentacular	nerve	
(TN)	with	few	fibers	projecting	along	the	shaft	(arrowheads),	and	immunoreactive	fibers	in	the	optic	nerve	(ON);	asterisk	indicates	the	eye	
in	the	medial	flap	(scale	bar	=	200	µm).	(e)	Bipolar	PSCs	(arrowheads)	located	in	the	VP	with	dendrites	(arrows)	projecting	to	the	epithelium	
along	the	edge	and	ventral	surface	of	the	lateral	flap	(scale	bar	=	25	µm).	(f)	High	magnification	micrograph	of	PSCs	in	the	VP;	arrows	
indicate	dendrites	projecting	to	the	edge	of	the	lateral	flap,	and	arrowhead	shows	axon	projecting	to	the	TN	(scale	bar	=	20	µm).	(g)	Labeled	
photoreceptors	in	the	retina	of	the	eye	with	their	cell	bodies	(arrowheads)	against	the	outer	pigmented	layer	and	their	extensions	(arrows)	
pointed	toward	the	lens.	Inset	shows	high	magnification	micrograph	of	labeled	photoreceptors	(scale	bar	=	25	µm)
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the	sides	of	 the	 foot	 (Figure	5e).	Dendritic	processes	primarily	ex‐
tended	to	the	dorsal	epithelial	surfaces.	The	dimensions	of	the	KLH‐
LIR	cell	bodies	were	similar	to	previously	described	tissue	with	long	

and	short	dimensions	estimated	at	10.6	µm	(SD = 2.54,	n	=	18)	and	
6.3	µm	(SD = 0.9,	n	=	18),	respectively;	however,	the	dendritic	pro‐
cesses	appeared	to	be	longer	(100	µm,	SD = 27.65,	n	=	12)	in	the	foot	

F I G U R E  5  KLH‐LIR	staining	in	the	lips	(a–c)	and	foot	pad	(d–f)	of	B. alexandrina.	(a)	Overview	of	the	lips	showing	branching	axons	
(arrowheads)	originating	from	numerous	PSCs	along	the	edge	of	the	lips	that	project	to	form	the	lip	nerves	(arrow;	scale	bar	=	200	µm).	(b)	
PSCs	located	in	the	lip	(arrows)	with	dendrites	(arrowheads)	projecting	to	the	epithelium	along	the	edge	of	the	lips	(scale	bar	=	50	µm).	(c)	
Double	label	showing	magenta	KLH‐like	(arrow)	and	green	TH‐like	(arrowhead)	staining	along	the	edge	of	the	lip	as	separate	populations	of	
PSCs	(scale	bar	=	50	µm).	(d)	Immunoreactive	PSCs	(arrowheads)	along	the	anterior	edge	of	the	foot	pad	with	dendrites	projecting	to	the	
epithelium	along	the	edge	of	the	foot;	arrows	indicate	axons	projecting	centrally	(scale	bar	=	40	µm).	(e)	PSCs	in	the	foot	pad	(arrowheads)	
with	dendrites	projecting	to	the	dorsal	epithelium;	arrows	indicate	centrally	projecting	axons	(scale	bar	=	50	µm).	(f)	Double	label	showing	
magenta	KLH‐LIR	fibers	(arrows)	innervating	the	foot,	and	green	TH‐LIR	PSCs	with	dendrites	projecting	to	the	sole	of	the	foot	(arrowheads;	
scale	bar	=	40	µm)

F I G U R E  6  KLH‐LIR	staining	in	the	penis	(a,b)	and	the	esophagus	(c)	of	B. alexandrina.	(a)	Everted	penis	showing	subepithelial	cells	
(arrowheads)	with	axons	(arrows)	projecting	to	the	penial	nerve	(PN;	scale	bar	=	50	µm).	Insert	shows	an	inverted	penis	with	immunoreactive	
fibers	innervating	the	preputium	through	the	PN	(scale	bar	=	200	µm).	(b)	High	magnification	micrograph	of	two	cells	in	the	preputium,	
epithelial	processes	labeled	with	arrowheads,	and	centrally	projecting	axons	labeled	with	an	arrow	(scale	bar	=	20	µm).	(c)	PSCs	(arrows)	
with	dendrites	projecting	to	the	internal	epithelium	showing	seemingly	ciliated	endings	(arrowheads;	scale	bar	=	25	µm);	insert	shows	high	
magnification	micrograph	of	one	of	the	cell	bodies	with	possible	ciliated	dendrites	(arrowhead)	projecting	to	the	internal	epithelium	of	the	
esophagus
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compared	to	previously	discussed	tissues.	The	density	of	KLH‐LIR	
PSCs	along	the	anterior	edge	of	the	foot	was	estimated	at	568	cells/
mm2 (SD = 94.98,	n	=	3).	Double	labeling	with	TH	and	KLH	antisera	
showed	that	KLH‐LIR	and	TH‐LIR	neurons	did	not	generally	co‐lo‐
calize	although	there	were	instances	where	co‐localization	could	not	
be	completely	dismissed	(Figure	5f),	especially	for	dimly	labeled	cells	
lying	deep	within	the	foot.	Additionally,	the	TH‐LIR	PSCs	were	more	
densely	packed	 (1,604	cells/mm2,	SD = 0,	n	=	1)	and	were	 located	
mostly	 on	 the	 ventral	 surface	with	 dendritic	 processes	 extending	
to	the	sole	of	the	foot	pad	(not	shown).	The	TH‐LIR	cells	were	also	
more	spherical	in	shape	with	long	and	short	dimensions	estimated	at	
7.1	µm	(SD = 1.03,	n	=	14)	and	5.4	µm	(SD = 0.84,	n	=	14),	respectively.

Immunohistochemical	 staining	 in	 the	 penis	 revealed	 KLH‐LIR	
fibers	 innervating	the	preputium	from	the	penial	nerve	 (Figure	6a,	
Insert),	and	cells	sparsely	distributed	in	the	preputium	(Figure	6a,b).	
Thick	KLH‐LIR	fibers	or	bundles	of	fibers	also	extended	through	the	
penis	sheath	up	to	the	vas	deferens	(not	shown).	TH‐LIR	staining	in	
the	penis	was	isolated	to	the	preputium	and	displayed	a	distinct	pat‐
tern	compared	to	the	KLH‐LIR	staining	(not	shown).

The	 immunohistochemical	 staining	 in	 the	 mantle	 exhibited	
sparsely	distributed	KLH‐LIR	PSCs	with	dendrites	projecting	to	the	
ventral	 surface	 (not	 shown).	KLH‐LIR,	 bipolar	 cells	were	more	nu‐
merous	near	the	edge	of	the	mantle	with	an	estimated	cell	density	
of	2,159	cells/mm2 (SD = 637.6,	n	=	7),	compared	to	the	more	proxi‐
mal	ventral	surface	with	an	estimated	cell	density	of	352	cells/mm2 
(SD = 0,	n	=	1).	The	 long	and	short	dimensions	of	the	KLH‐LIR	cell	
bodies	were	11.1	µm	(SD = 2.86,	n	=	5)	and	7	µm	(SD = 1.06,	n	=	5),	
with	dendritic	processes	that	were	38.5	µm	long	(SD = 8.52,	n	=	30).	
The	dorsal	surface	of	the	mantle	showed	a	uniform	line	of	KLH‐LIR	
cells	that	ran	parallel	to	the	mantle	edge	(not	shown);	these	cells	are	
likely	associated	with	the	periostracal	groove	(Simkiss,	2016;	Zylstra,	
Boer,	&	Sminia,	1978).

Finally,	the	esophagus	showed	strong	KLH‐like	immunoreactiv‐
ity	displaying	a	network	of	fibers	and	bipolar	cells	near	the	serosal	
surface	with	 dendrites	 extending	 to	 the	 luminal	 epithelium	of	 the	
esophagus	(Figure	6c).

4  | DISCUSSION

This	study	revealed	KLH‐LIR	labeling	throughout	the	CNS	and	pe‐
riphery	of	the	snail,	Biomphalaria alexandrina.	In	the	CNS,	KLH‐LIR	
neurons	 were	 predominantly	 found	 in	 the	 buccal,	 cerebral,	 and	
pedal	 ganglia.	 Immunoreactive	 fibers	 were	 also	 found	 through‐
out	 the	CNS,	with	many	 apparently	 entering	 through	 peripheral	
nerves.	 In	 the	 periphery,	 KLH‐LIR	 sensory	 cells	 had	 long,	 tortu‐
ous	dendrites	and	were	abundant	 in	the	tentacles,	 lips,	foot	pad,	
penis,	esophagus,	mantle,	and	presumably	in	other	tissues	not	ex‐
amined	in	this	study.	These	findings,	thus,	suggest	that	a	KLH‐like	
antigen(s)	is	expressed	on	both	central	neurons	and	numerous	af‐
ferent	neurons	with	centrally	projecting	axons.	It	is	evident,	how‐
ever,	that	this	antigen(s)	is	not	unique	to	a	single	sensory	modality	
given	immunoreactivity	in	the	optic	nerve,	statocyst,	and	cephalic	

organs,	which	 indicate	possible	photo‐,	mechano‐,	and	chemore‐
ceptive	functions.

Previous	research	identified	large	populations	of	tyrosine	hy‐
droxylase	 (TH)‐LIR	 (Vallejo	 et	 al.,	 2014),	 and	 histamine	 (HA)‐LIR	
sensory	 cells	 (Habib	et	 al.,	 2015)	 in	Biomphalaria	with	both	pos‐
sessing	peripheral	somata	and	apical	dendrites	like	those	described	
in	 the	 present	 report.	 Both	 TH‐LIR	 and	HA‐LIR	 PSCs	were	 also	
found	with	widespread	distributions,	as	described	here.	Evidence	
suggests,	 however,	 that	 at	 least	 the	 KLH‐	 and	 TH‐LIR	 PSCs	 are	
distinct	from	each	other.	For	instance,	the	current	study	revealed	
differences	 in	morphology,	with	TH‐LIR	PSCs	possessing	shorter	
dendritic	 processes	 that	 projected	 directly	 through	 the	 epithe‐
lium,	while	KLH‐LIR	PSCs	had	much	longer	dendrites	with	less	di‐
rect	paths	to	the	epithelial	surfaces.	The	present	study	also	found	
differences	in	the	distributions	of	TH‐	and	KLH‐LIR	PSCs.	TH‐LIR	
PSCs	in	the	tentacle	were	primarily	found	along	the	shaft,	whereas	
KLH‐LIR	PSCs	were	scarce	on	the	shaft	but	most	abundant	on	the	
lateral	flap	at	the	base	of	the	tentacle.	Similarly,	TH‐LIR	PSCs	were	
densely	packed	along	the	anterior	and	ventral	surfaces	of	the	foot	
pad	with	the	dendrites	of	these	cells	projecting	toward	the	sole	of	
the	foot.	In	contrast,	KLH‐LIR	PSCs	were	located	primarily	along	
the	anterior	and	lateral	edges	of	the	foot,	but	with	dendrites	pro‐
jecting	primarily	to	the	sides	of	the	foot	or	to	the	dorsal	surface	
next	 to	 its	 edge.	Accordingly,	 double	 labeling	experiments	using	
TH	and	KLH	antibodies	in	the	present	study	suggested	that	there	
was	 little	 to	no	 colocalization	 in	 either	 the	CNS	or	 in	peripheral	
tissues.	As	a	whole,	it	appears	that	the	KLH‐LIR	neurons	described	
in	this	report	represent	different	populations	from	the	abundant	
TH‐LIR	 cells	 reported	 previously	 in	 Biomphalaria	 (Vallejo	 et	 al.,	
2014)	 and	 in	 numerous	 other	 gastropods	 (Carrigan	 et	 al.,	 2015;	
Croll,	2001;	Croll	et	al.,	2003,	1999;	Faller	et	al.,	2008;	Martínez‐
Rubio,	Serrano,	&	Miller,	2009;	Voronezhskaya	et	al.,	1999;	Wyeth	
&	Croll,	2011).

In	contrast,	possible	co‐localization	of	KLH‐	and	HA‐LIR	labeling	
appears	to	be	more	complicated	and	difficult	to	dismiss.	The	KLH‐
LIR	 cells	 described	 here	 shared	 several	 similarities	 with	 previous	
descriptions	of	HA‐LIR	staining	in	Biomphalaria	(Habib	et	al.,	2015).	
For	example,	 in	 the	CNS	both	KLH‐	and	HA‐LIR	 staining	 revealed	
populations	of	neurons	distributed	along	 the	medial	 dorsal‐caudal	
surfaces	of	the	buccal	ganglia.	The	staining	patterns	in	the	cerebral	
and	pedal	ganglia	also	showed	similarities	with	 labeled	cells	at	 the	
base	of	the	tentacular	nerve,	between	the	cerebral‐pedal	and	cere‐
bral‐pleural	connectives,	next	to	the	cerebral	commissure	and	along	
the	 lateral	 aspects	 of	 the	 pedal	 ganglia.	 However,	 notable	 differ‐
ences	in	staining	patterns	were	also	observed.	For	instance,	Habib	
et	al.	(2015)	described	about	40	HA‐LIR	cells	in	the	visceral	and	left	
parietal	ganglia,	whereas	KLH‐LIR	labeling	revealed	few	neurons	in	
these	 locations.	Conversely,	KLH‐LIR	 staining	 in	 the	pedal	 ganglia	
revealed	dorsal‐medial	clusters	of	3–4	cells	with	processes	passing	
through	the	pedal	commissure;	these	cells	seem	to	be	absent	from	
the	 HA‐LIR	 staining	 pattern.	 Also,	 HA‐LIR	 staining	 only	 labeled	 a	
subset	of	neurons	in	the	statocysts	(Habib	et	al.,	2015)	while	KLH‐
LIR	labeling	appeared	to	outline	all	of	those	receptor	cells.
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Potentially	 overlapping	 patterns	 of	 HA‐	 and	 KLH‐LIR	 staining	
were	also	observed	in	the	periphery.	On	the	one	hand,	the	HA‐LIR	
PSCs	described	by	Habib	 et	 al.	 (2015)	 bear	many	 similarities	with	
the	KLH‐LIR	cells	described	here.	Both	possess	long	dendrites	with	
indirect	routes	to	the	epithelial	surface,	and	both	are	abundant	in	the	
tentacles,	lips	and	front	edge	of	the	foot,	although	the	present	study	
described	a	wider	distribution	of	KLH‐LIR	PSCs	in	tissues	not	exam‐
ined	by	Habib	et	al.	(2015).	On	the	other	hand,	KLH‐LIR	somata	and	
axons	were	clearly	observed	in	the	eye	in	the	present	study	while	no	
mention	of	HA‐LIR	staining	in	the	eye	was	made	by	Habib	et	al.	(2015).	
Unfortunately,	double	labeling	experiments	using	antibodies	against	
HA	and	KLH	were	not	performed	in	the	current	study,	because	both	
sets	of	antibodies	were	raised	in	the	same	host	and	HA‐LIR	staining	
requires	a	specialized	fixation	procedure	(Habib	et	al.,	2015).	We	did	
find	in	preliminary	experiments	(data	not	shown),	however,	that	tis‐
sue	treated	using	the	fixation	needed	for	HA	staining,	subsequently	
exhibited	KLH‐LIR	labeling	as	reported	here.	Although	such	staining	
was	dim	with	high	background,	 this	 result	 further	 emphasizes	 the	
need	for	proper	controls	when	interpreting	possible	cross‐reactivity	
of	the	HA	antibody	with	a	KLH‐like	antigen(s).

The	possibility	of	overlapping	staining	patterns	takes	on	added	
significance	since,	 like	the	VGAT/KLH	antibody	used	earlier	 in	this	
study,	the	HA	antibody,	employed	by	Habib	et	al.	(2015)	and	studies	
of	other	gastropods	(Hegedűs	et	al.,	2004;	Soinila,	Mpitsos,	&	Panula,	
1990;	Wyeth	&	Croll,	 2011),	was	 raised	against	HA	conjugated	 to	
succinylated	KLH.	Our	own	control	experiments	were	able	to	show	
that	 the	 basis	 for	 VGAT/KLH	 immunoreactivity	 lay	 exclusively	 in	
antibody	 specificity	 for	KLH‐like	 epitote(s).	 For	HA‐LIR	 staining,	 a	
standard	control	experiment	has	been	to	preabsorb	the	primary	an‐
tibody	with	HA	conjugated	not	to	KLH	but	rather	to	bovine	serum	
albumen	 (BSA).	Habib	 et	 al.	 (2015)	 relied	 on	 previous	 demonstra‐
tions	of	HA	antibody	specificity	using	 this	control	 (Hegedűs	et	al.,	
2004;	Soinila	et	al.,	1990;	Wyeth	&	Croll,	2011)	to	suggest	specificity	
in Biomphalaria;	those	previous	studies	reported	very	similar	popu‐
lations	of	HA‐LIR	PSCs	in	both	the	cephalic	sensory	organs	and	sta‐
tocysts	of	Lymnaea	and	other	gastropods.	In	fact,	Wyeth	and	Croll	
(2011)	also	reported	pre‐absorption	of	the	antibody	with	only	KLH	
had	no	effects	on	the	staining	pattern.	It	therefore	appears	that	pre‐
vious	reports	of	HA‐LIR	staining	in	gastropods	(Hegedűs	et	al.,	2004;	
Soinila	 et	 al.,	 1990;	Wyeth	 &	 Croll,	 2011),	 including	 Biomphalaria 
(Habib	et	al.,	2015),	were	likely	due	to	specificity	of	the	antibodies	
for	HA	and	not	KLH,	although	the	current	paper	suggests	the	need	
for	closer	scrutiny	of	these	results.

Similarly,	 cross‐reactivity	 to	 KLH‐like	 molecules	 could	 also	 be	
a	 concern	with	 interpretations	 of	 reported	 glutamate‐LIR	 staining	
in	 developing	 and	 adult	 Lymnaea	 using	 an	 antibody	 raised	 against	
glutamate	 conjugated	 to	 KLH	 (Hatakeyama	 et	 al.,	 2007).	 Those	
authors	 reported	glutamate‐LIR	bipolar	PSCs	 in	 the	 foot,	 lips,	 and	
tentacles,	 which	 share	 similarities	 to	 HA‐LIR	 staining	 in	 Lymnaea 
and Biomphalaria	 (Habib	et	al.,	2015;	Wyeth	&	Croll,	2011)	and	 to	
KLH‐LIR	neurons	reported	here.	Hatakeyama	et	al.	 (2007)	also	re‐
ported	labeled	fibers	in	the	optic	nerve,	which	corresponds	to	KLH‐
LIR	staining	found	in	Biomphalaria.	We	(G.	Beach,	unpub.	data)	also	

found	that	antibodies	raised	against	KLH	labeled	central	and	periph‐
eral	neurons	 in	Lymnaea	 in	 a	pattern	 similar	 to	 that	 reported	here	
for	Biomphalaria.	 Hatakeyama	 et	 al.	 (2007)	 did,	 however,	 perform	
a	pre‐absorption	control	with	glutamate	conjugated	to	BSA,	which	
blocked	immunoreactivity	and	should	indicate	that	the	staining	was	
targeting	the	glutamate	molecule.

Given	the	potential	for	cross‐reactivity	with	KLH‐like	substances	
and	the	widespread	use	of	KLH	as	a	carrier	protein	for	antibody	pro‐
duction,	 this	 paper	 demonstrates	 the	 need	 for	 stringent	 controls	
whenever	using	such	antibodies.	KLH‐like	immunoreactivity	has	now	
been	demonstrated	for	chemosensory	cells	 in	teleosts	(Braubach	et	
al.,	2012,	2013;	Riddle	&	Oakley,	1992),	and	for	various	classes	of	in‐
vertebrate	neurons	(present	study).	Antibodies	against	KLH	have	also	
been	found	to	cross‐react	with	antigens	related	to	N‐glycans	 in	the	
trematode	Schistosoma mansoni	(Geyer,	Wuhrer,	Resemann,	&	Geyer,	
2005;	Lehr,	Geyer,	Maaß,	Doenhoff,	&	Geyer,	2006).	In	fact,	KLH‐like	
immunoreactivity	 has	 also	 previously	 been	 indirectly	 indicated	 in	
Biomphalaria	using	western	blots	(Dissous,	Grzych,	&	Capron,	1986)	
and	has	been	proposed	to	be	a	possible	substrate	 for	host‐parasite	
interactions	between	Biomphalaria and Schistosoma.	Preliminary	ex‐
periments	also	provide	evidence	from	western	blots	showing	one	rel‐
atively	heavy	KLH‐LIR	band	at	40–45	kDa,	which	roughly	corresponds	
with	the	molecular	weight	of	the	band	found	in	Dissous	et	al.	(1986),	
and	two	lighter	bands	between	25	and	35	kDa	(see	Supporting	Info.).	
In	addition,	the	current	study	is	the	first	to	use	immunohistochemistry	
to	localize	cross‐reactivity	to	KLH	antibodies	in	Biomphalaria.

4.1 | Conclusion

This	study	has	identified	extensive	KLH‐LIR	labeling	in	Biomphalaria 
alexandrina	demonstrating	several	central	neurons	and	thousands	of	
bipolar	sensory	cells	 in	the	tentacles,	 lips,	foot	pad,	penis,	esopha‐
gus,	and	mantle.	The	KLH‐LIR	antigen(s)	seems	to	be	present	in	sen‐
sory	cells	with	varying	modalities	such	as	photo‐,	gravi‐/	mechano‐,	
and	chemoreception.	Although	most	of	the	PSCs	share	similar	mor‐
phologies,	the	cells	 in	the	mantle	did	possess	notably	shorter	den‐
drites	 and	cells	 in	 the	 foot	possessed	 longer	dendrites	 than	 those	
in	other	tissues,	thus	indicating	possible	further	subclasses	of	PSCs.	
Future	research	should	seek	to	pair	sensory	modalities	with	periph‐
eral	cell	 type	and	attempt	 to	 further	elucidate	 the	nature	of	KLH‐
like	 reactivity.	Moreover,	 preliminary	 observations	 indicate	 similar	
KLH‐LIR	staining	of	neurons,	not	only	in	Biomphalaria and Lymnaea 
(as	mentioned	above),	but	also	in	other	snails	(like	the	distantly	re‐
lated	Ilyanassa obsoleta;	not	shown),	thus	suggesting	generalizations	
across	the	gastropods.

In	addition	to	the	characterization	of	KLH‐LIR	cells	in	snails,	this	
study	also	emphasizes	issues	that	can	arise	from	KLH	cross‐reactiv‐
ity	and	the	need	for	proper	controls	 including	pre‐absorption	with	
KLH	when	using	antibodies	raised	against	KLH	conjugates.	We	sug‐
gest	that	all	 future	studies	using	antibodies	raised	against	haptens	
conjugated	 to	KLH	 include	 separate	pre‐absorption	 controls	using	
both	 the	 hapten	 either	 unconjugated	 or	 conjugated	 to	 a	 different	
carrier	protein	(e.g.,	BSA)	and	KLH	alone.	With	the	heterogeneity	of	
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cells	labeled	here,	we	also	suggest	that	such	controls	be	conducted	
using	every	tissue	and	cell	population	examined	and	that	KLH	always	
be	included	in	antibody	dilution	solutions.

Given	previous	 research	that	 identified	KLH	cross‐reactivity	 in	
Schistosoma mansoni and Biomphalaria,	 the	current	 study	also	pro‐
vides	anatomical	evidence	for	this	potential	substrate	for	host–par‐
asite	interactions.
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