
Vaccine 21 (2003) 4178–4193

Increased efficacy of immersion vaccination in fish
with hyperosmotic pretreatment

Mark O. Huisinga,b,∗, Teun Guichelaara, Casper Hoeka, B.M. Lidy Verburg-van Kemenadea,
Gert Flikb,1, Huub F.J. Savelkoula, Jan H.W.M. Rombouta

a Department of Cell Biology and Immunology, Wageningen University, Marijkeweg 40, P.O. Box 338, 6700 AH Wageningen, The Netherlands
b Department of Animal Physiology, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands

Received 10 December 2002; received in revised form 22 April 2003; accepted 18 June 2003

Abstract

Immersion vaccination is common practice in aquaculture, because of its convenience for mass vaccination with sufficient protection.
However, the mechanisms of antigen uptake and presentation, resulting in a protective immune response and the role of the innate immune
system therein are largely unknown. The impact of immersion vaccination on fish physiology and on the ensuing innate and specific
immune response was characterized with fluorescently labeled particulate and soluble model antigens. Vaccination of common carp by
direct immersion (DI) or hyperosmotic immersion (HI; direct immersion, preceded by a brief immersion in a hypertonic solution) greatly
enhanced the uptake of soluble, but not particulate antigen through temporary disruption of the integrity of the epithelia of gills and
skin. Damage induced is mild and does not impose additional stress over the handling associated with immersion vaccination. Especially
HI briefly but strongly activates the innate immune system. We conclude that HI more effectively increased the uptake of vaccine and
enhanced the efficacy by which vaccine components are processed and presented by the innate immune system, dually enhancing the
mucosal immune response. Understanding the mechanisms involved in uptake and processing of vaccine in the early phase of the immune
response will greatly benefit the design of immersion vaccination.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last 15 years fish aquaculture has more than
doubled[1]. The need for protection from infectious disease
in high-density fish farming conditions has increased in
parallel. Fish vaccines are commonly administered through
one of three possible routes. First, intraperitoneal (i.p.) in-
jection is widely used, especially in salmonid fish farming,
but injection is labor intensive and costly, and in combi-
nation with viscous oil-based adjuvants only feasible on
a commercial scale in salmonids and only from the smolt
stage onwards[2]. Second, immersion vaccination is an
established practice in aquaculture, e.g. with commercial
vaccines for pathogens such asVibrio spp., but not for
others [3]. Immersion vaccination is a particularly cost
effective method of administration in very small fish. How-
ever, immune responses following immersion vaccination
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are generally less robust and of shorter duration as those
obtained through i.p. injection[4]. Third, oral vaccination is
an option but still largely in an experimental stage. Research
in this field focuses on protection of the vaccine from di-
gestion in the early digestive system through encapsulation
[5,6]. Besides the route of vaccine administration other fac-
tors such as the nature of the antigen, the use of adjuvants,
vaccine dose (and in case of immersion vaccination vaccine
exposure time), developmental stage, immune and nutri-
tional status and temperature can have great impact on the
overall efficacy of the resulting immune response[4,7–11].

Although vaccination through i.p. injection tends to gen-
erate immune responses that are more robust and last longer,
immersion vaccination oftentimes is the method of choice.
An additional advantage of immersion is that vaccine de-
livery is through the same route as that utilized by many
fish pathogens, generating topologically specific mucosal
immunity, i.e. where the encounter with a pathogen is most
likely [12–15].

Vaccine delivery in immersion vaccination may vary.
Most commonly used are direct immersion (DI), hyper-
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osmotic immersion (HI) and spray vaccination, the latter
mostly applied to larger individuals. In all cases vaccine up-
take is thought to occur largely along the mucosal surfaces
of the fish, i.e. the gills and skin[16–18]. Some authors
have also implicated the lateral line[19] and the intestine
[8,20] as sites of significant antigen uptake.

In the past the added value of hyperosmotic immersion
over direct immersion is refuted. Most authors claim higher
uptake of soluble antigen following HI[7,16,19]. However,
the benefit of higher vaccine uptake is often discarded, as
the stress and the damage to the integument are considered
too great [4]. Substantial data corroborating this notion
have to the best of our knowledge not been published. The
uptake of particulate antigen is less affected by immersion
in a hypertonic solution, considering that uptake[21,22]
and immune responses[23] reported in HI and DI pro-
tocols are comparable. This is noteworthy because most
commercial immersion vaccines are bacterins, consisting
of formalin fixed bacteria and their soluble excretions.
It remains to be assessed whether particulate, soluble, or
both components of these vaccines contribute to eventual
immunity.

The efficacy of immersion vaccination is mostly evalu-
ated by antibody production and/or survival upon challenge.
Immersion vaccination: (1) induces detectable systemic
[23–26] and mucosal[12,15] antibody responses, (2) con-
fers protection upon challenge[27,28] or (3) both[29,30].
However, some reports indicate a transient[31] humoral re-
sponse or protection without a detectable antibody response
[32], indicating that the exact mechanisms of protection are
sometimes enigmatic.

We here characterize and compare the physiological and
immune responses to immersion vaccination through HI and
DI protocols in common carp (Cyprinus carpio). We em-
ployed anAeromonas salmonicidabacterin,A. salmonicida
lipo-polysaccharide (LPS) of the same bacterial strain and
bovine serum albumin (BSA), all fluorescently labeled, as
model antigens. This enabled us to analyze physiological
and immune responses following immunization with partic-
ulate versus soluble antigen as well as compare uptake and
immune response following immersion with soluble protein
and LPS. The latter is of interest since it is conceivable that
protective immunity is evoked by a combined response to
both soluble moieties[33]. Subsequently, important com-
ponents of the innate and acquired immune system as well
as physiological and endocrine parameters were analyzed to
conclude that HI protocols may provide cost-effective fish
vaccination.

2. Materials and methods

2.1. Animals

Common carp (Cyprinus carpioL.) were reared at 23◦C
in recirculating UV-treated tap water at the ‘De Haar

Vissen’ facility in Wageningen. Fish were fed pelleted dry
food (Provimi, Rotterdam, The Netherlands) at a daily rate
of 0.7% of their estimated body weight. R3× R8 are the
hybrid offspring of a cross between fish of Hungarian origin
(R8 strain) and fish of Polish origin (R3 strain)[34]. Fish
used for analysis of humoral responses were vaccinated at
14 weeks post fertilization. Animals used for confocal laser
scanning microscopy, flow cytometry and RQ-PCR were
10–24 weeks of age. Carp (12 weeks) of the same strain
housed under identical conditions at the fish facilities of
the Department of Animal Physiology at the University of
Nijmegen were used for determination of serum
osmolality, cortisol and ion concentrations and electron
microscopy. Animals in one experiment were always reared
from the same offspring.

2.2. Blood collection and tissue preparation

Fish were anaesthetized with 0.2 g l−1 tricaine methane
sulphonate (TMS) buffered with 0.4 g l−1 NaHCO3 or with
0.1% 2-phenoxyethanol. Blood was obtained by puncture of
the caudal vessel using a heparinized (Leo Pharmaceutical
Products Ltd., Weesp, The Netherlands) syringe fitted with
a 21 or 25 Gauge needle and processed for further analysis
according to the requirements of the various techniques
used. Gills were isolated by carefully excising whole gill
arches. Skin samples were obtained by taking a transverse
slice of ca. 0.5 cm out of the base of the tail. Anterior
kidney was surgically removed.

2.3. Fluorescein conjugation

A bacterin (20 ml) containing formalin-inactivatedA.
salmonicida(MT004; [35] at 1.2 × 108 bacteria ml−1 was
adjusted to pH 9.0 with 0.5 M NaHCO3 (pH 9.5). Sub-
sequently, 4 ml 2.5 mg ml−1 fluorescein 5-isothiocyanate
(FITC; F-7250, Sigma) in dimethylsulfoxide (DMSO) was
added and the reaction mixture was stirred gently at room
temperature in the dark for 4 h. Free FITC was removed
by extensive dialysis (Spectra/Por dialysis tube, MWCO
6–8.000 Da) in 4 l 0.1× phosphate buffered saline with-
out magnesium salts (PBS−; 0.8 g l−1 NaCl, 0.02 g l−1

KCl, 0.02 g l−1 KH2PO4, 0.144 g l−1 Na2HPO4, pH 7.40).
Bacterin fluorescence was microscopically confirmed.
The bacterin was filled to a final volume of 100 ml with
0.1× PBS− resulting in 2.4 × 107 bacteria ml−1 and
stored at 4◦C until use. A. salmonicida(MT004) crude
lipo-polysaccharide (>80% pure, lyophilized; gift from Dr.
I.R. Bricknell, Aberdeen) was prepared as a 2% (w/v) solu-
tion in 10 ml 0.5 M NaHCO3 (pH 9.5). 5-([4,6-Dichlorotri-
azin-2-yl]amino)fluorescein (DTAF); D-0531, Sigma) was
used for conjugation to LPS, since it reacts directly with
polysaccharides at room temperature at pH above 9.0[36].
DTAF was dissolved in DMSO (50 mg ml−1) and added.
The reaction mixture was stirred gently at room temperature
in the dark for 4 h. Free DTAF was removed by extensive
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dialysis (Spectra/Por dialysis tube, MWCO 6–8.000 Da) in
4 l 0.1× PBS− and the solution was filled to a final volume
of 100 ml with 0.1× PBS− resulting in 0.2% (w/v) LPS,
filter sterilized (0.22�m, Millipore) and stored at 4◦C until
use. Bovine serum albumin (Fraction V; Roche diagnostics)
was prepared as a 5% (w/v) solution in 100 ml 0.1× PBS−.
The pH was adjusted to 9.0 with 0.5 M NaHCO3 (pH 9.5)
and 20 ml 2.5 mg ml−1 FITC in DMSO was added. The re-
action mixture was stirred gently at room temperature in the
dark for 4 h. Free FITC was removed by extensive dialysis
in 4 l 0.1× PBS−. BSA-FITC was precipitated overnight at
4◦C by adding 62 g (NH4)2SO4 and spun down 20 min at
12,000× g. Pellet was washed with saturated (NH4)2SO4
and dissolved in 100 ml 0.1× PBS−. This solution was
dialyzed 10× to 4 l 0.1× PBS−, filled to a total volume of
250 ml with 0.1× PBS−, filter sterilized (0.22�m, Milli-
pore) and stored at 4◦C until use. All conjugates were made
fresh for each experiment. Absence of fluorescence from the
spend dialysis buffer was confirmed spectrophotometrically
at 495 nm. The DTAF/LPS ratio in the final mixture was
determined to be 2.0–2.3 and the FITC/BSA ratio was de-
termined to be 4.0–5.0 according to the following formula:
[2.87× abs495 nm/(abs280 nm− 0.35× abs495 nm)] [37].

2.4. Immersion methods

Fish subjected to HI were immersed in 4.5% (w/v) NaCl
(1450 mOsm kg−1; aerated overnight before use) for 2 min
and immediately net transferred to vaccine solution for
10 min. Fish subjected to DI were immersed in vaccine so-
lution for 10 min. LPS–DTAF (0.2% (w/v)),A. salmonicida
bacterin-FITC (2.4× 107 bacteria ml−1) or BSA-FITC (2%
(w/v)) were used as vaccine solutions. The high salinity of
the hyperosmotic solution caused the fish to passively float
to the surface. After vaccination fish were returned to their
tanks. For determination of plasma parameters, fish were
only subjected to (sham) hyperosmotic immersion and not
exposed to the actual vaccine.

2.5. Electron microscopy

Gill and skin tissue was prefixed on ice in 3% glutaralde-
hyde (EM grade) in 0.1 M Na-cacodylate buffer 15 min and
fixed on ice in 1% OsO4 (prefix buffer:2% OsO4:distilled
water; 1:2:1) for 1 h. Samples were washed three times in
distilled water and stored at 4◦C. For transmission electron
microscopy fixed tissue was embedded in Epon and exam-
ined using a Jeol 100 CX transmission electron microscope.
For scanning electron microscopy samples were dehydrated
(ethanol 30, 50, 70, 80 and 90%; 2× 100%; dried methanol
100%) critical-point-dried using liquid CO2, mounted on
a sample holder, covered with gold and examined using
a Jeol JSM-T300 scanning electron microscope. Two indi-
viduals per treatment were extensively examined by SEM
and TEM.

2.6. Confocal microscopy

Gill and skin tissue was fixed overnight in 4% para-
formaldehyde in PBS−. Gill filaments were carefully re-
moved from the gill arch using micro-instrumentation
and embedded in Vectashield containing propidium iodide
(PI; Vector laboratories Inc.). Transversal skin sections of
100�m thick were sliced by a vibratome (Vibratome 1500
Sectioning System) and embedded in Vectashield contain-
ing PI. Gill and skin samples of two individuals per treat-
ment were extensively examined with a Zeiss LSM-510
laser scanning microscope. Photographs of samples of the
same magnification were always taken using identical mi-
croscope settings at those settings that yielded only minimal
background in the green spectrum in the negative controls.
Fluorescein signal was excited using a 488 nm argon laser
and detected using a band-pass filter (505–550 nm) and
PI signal was excited using a 543 helium–neon laser and
detected with a long-pass filter (585 nm).

2.7. Cortisol RIA

Freshly collected heparinized blood was spun down in
a microcentrifuge (10 min at 9300× g) at 4◦C. Plasma
was taken off and stored at−20◦C until use. Cortisol was
measured by radioimmunoassay[38], using a commercial
antiserum (Bioclinical Services Ltd., Cardiff, UK). All con-
stituents were in phosphate-EDTA buffer (0.05 M Na2HPO4,
0.01 M Na2EDTA, 0.003 M NaN3, pH 7.4). Ten microliters
of samples or standards in RIA buffer (phosphate-EDTA
buffer containing 0.1% 8-anilio-1-napthalene sulfonic acid
and 0.1% (w/v) bovine�-globulin) were incubated with
100�l antiserum (in RIA buffer containing 0.2% normal
rabbit serum) for 4 h. Samples were incubated overnight with
100�l iodinated cortisol (ca. 1700 cpm per tube;125I-corti-
sol, Amersham, Nederland BV, Hertogenbosch, The Nether-
lands) and 100�l goat anti-rabbit�-globulin (in RIA buffer).
Bound and free cortisol were separated by adding 1 ml
of ice-cold precipitation buffer (phosphate-EDTA buffer
containing 2% (w/v) bovine serum albumin and 5% (w/v)
polyethylene glycol). The tubes were centrifuged at 4◦C
(20 min at 2000× g), the supernatant aspirated and counted
in a gamma counter (1272 clinigamma, LKB Wallac, Turku,
Finland).

2.8. Plasma osmolality and ion concentrations

Blood was spun down fresh in a microcentrifuge (10 min
at 9300 × g) at 4◦C. Plasma was taken and stored at
−20◦C until use. Plasma osmolality was determined using
a cryoscopic osmometer (Osmomat 030, Gonotec, Berlin,
Germany). Plasma sodium and chloride concentrations were
determined by flame photometry and ferrothiocyanate-based
colorimetric procedures, respectively using a Techni-
con AutoAnalyzer (Pulse Instrumentation, Saskatchewan,
Canada).
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2.9. Flow cytometry

Gill and anterior kidney tissue was passed through a
50�m nylon mesh and washed once with carp RPMI
(cRPMI; RPMI 1640, Gibco) adjusted to carp osmolality
(270 mOsm kg−1) with 10% distilled water and containing
0.01% NaN3 and 10 IU ml−1 heparin (Leo Pharmaceutical
products BV, Weesp, The Netherlands). Blood was mixed
with an equal volume of cRPMI and centrifuged 10 min at
100× g to remove the majority of erythrocytes. The super-
natant containing peripheral blood leucocytes (PBL) and
the gill and anterior kidney cell suspensions were layered
on discontinuous Percoll (Amersham Pharmacia Biotech
AB) gradient (1.020 and 1.083 g cm−3). Following centrifu-
gation (30 min at 800× g with brake disengaged) cells at
the 1.083 g cm−3 interface were collected and washed in
incubation buffer (cRPMI containing 1.0% (w/v) BSA) to
remove Percoll. The cell pellet was resuspended in 100�l
incubation buffer containing 1:50 diluted mouse monoclonal
antibody specific for carp neutrophils and macrophages
(TCL-BE8) [39] (gift from Prof. N. Okamoto, Tokyo) and
incubated on ice for 10 min. Cells were washed and cen-
trifuged 10 min at 800× g and the cell pellet was resus-
pended in incubation buffer containing 1:100 diluted sec-
ondary antibody (goat anti-mouse Ig-phycoerythrin (RPE)
(F(ab′)2), Dako A/S, Denmark). Cells were washed and cen-
trifuged as above. Controls incubated without antibody and
with secondary antibody only were included for all samples.
Cell suspensions were measured with a Beckman Coulter
Epics XL-MCL using an excitation wave length of 488 nm
and with the discriminator set at 100 in the FSC channel.
FSC/SSC characteristics of 10,000 events were acquired
in linear mode, fluorescence intensity at wave lengths of
525 (±10) and 575 (±10) nm was acquired at a log scale.
Samples were analyzed using Expo32 software (Applied
Cytometry Systems).

2.10. RNA isolation

RNA isolation was conducted according to Chomczynski
and Sacchi[40]. Briefly, organs were homogenized in ly-
sis buffer (4 M guanidium thiocyanate; 25 mM sodium cit-
rate, pH 7.0; 0.5% sarcosyl; 0.1 M 2�-mercaptho-ethanol),
followed by phenol/chloroform extractions. Total RNA was
precipitated in ethanol, washed and dissolved in water. Con-
centrations were measured by spectrophotometry and in-
tegrity was ensured by analysis on a 1.5% agarose gel. RNA
was stored at−80◦C for future use.

2.11. DNAse treatment and first strand cDNA synthesis

For each sample a non-template control was included.
One microliter of 10× DNAse I reaction buffer and 1�l
DNAse I (Invitrogen, 18068-015) was added to 2�g total
RNA and incubated at room temperature, 15 min in a total

volume of 10�l. DNAse I was inactivated by adding 1�l
25 mM EDTA and incubation at 65◦C, 10 min. To each sam-
ple 300 ng random hexamers, 1�l 10 mM dNTP mix, 4�l
5× First Strand buffer, 2�l 0.1 M DTT and 10 U RNAse in-
hibitor (Invitrogen, 15518-012) were added and the mixture
was incubated 10 min at room temperature and an additional
2 min at 37◦C. To each positive sample (but not the NT
controls) 200 U Superscript RNAse H− reverse transcriptase
(RT; Invitrogen, 18053-017) was added and reactions were
incubated 50 min at 37◦C. All reactions were filled up with
demineralized water to a total volume of 1 ml and stored at
−20◦C until further use.

2.12. Real-time quantitative PCR

Primer Express software (Applied Biosystems) was used
to design primers for use in real-time quantitative PCR
(RQ-PCR;Table 1). For tumor necrosis factor-� (TNF�) two
slightly different reverse primers were designed and mixed in
equimolar amounts to enable simultaneous detection of both
isoforms [41]. Primers for�2-macroglobulin (�2M) were
designed to detect all three known isoforms. For RQ-PCR
5�l cDNA and forward and reverse primer (300 nM each)
were added to 12.5�l Sybr Green PCR Master Mix (Ap-
plied Biosystems) and filled up with demineralized water
to a volume of 25�l. RQ-PCR (2 min 48◦C, 10 min 95◦C,
40 cycles of 15 s 95◦C, and 1 min 60◦C) was carried out
on a GeneAmp 5700 Sequence Detection System (Applied
Biosystems). Data were analyzed using the��Ct method
[42] and the relative quantitation value expressed as 2−��Ct.

2.13. Biosensor determination of antibody levels

Blood was spun down fresh in a microcentrifuge (10 min
at 9300× g) at 4◦C. Plasma was taken off and stored
at −20◦C until use. Skin mucus was obtained by gently
scraping the body surface of the anaesthetized fish with
the blunt end of a scalpel and transferring the mucus to
50�l 0.1× PBS− containing 0.1% phenylmethanesulfonyl
fluoride (PMSF) and 0.05% NaN3. After thorough mixing
the solid phase was spun down and the supernatant trans-
ferred to a new tube and stored at−20◦C until analysis.
Plasma and mucus antibody levels were determined using a
resonant mirror-based optical biosensor (IAsys plus, Affin-
ity Sensors, Cambridge, UK) and a carboxymethyl-dextran
cuvette coated with LPS–DTAF according to the manufac-
turers instructions. Data were analyzed using IAsys plus
software (version 4.0.1, Affinity Sensors).

2.14. Statistics

All statistical analyses were carried out using SPSS soft-
ware (version 10.1.0). Data were tested for normal distribu-
tion using the Shapiro–Wilk test. Homogeneity of variances
was tested with the Levene test. For plasma cortisol, statisti-
cal analysis was carried out on the square root of the cortisol
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Table 1
Primer sequences and corresponding EMBL acc. numbers

Gene EMBL acc. numbers Primer Sequence

IL-1� CCA245635 qIL-1b.fw1 CTGGAGCAATGCAATACAAAGTTC
qIL-1b.rv1 CAAGGTAGAGGTTGCTGTTGGAA

TNF�1/TNF�2 AJ311800, AJ311801 qTNFa.fw1 GCTGTCTGCTTCACGCTCAA
qTNFa.rv1a CCTTGGAAGTGACATTTGCTTTT
qTNFa.rv1b GCCTTGGAAGTGACATTTTCTTTT

iNOS CCA242906 qiNOS.fw1 CCCATGCAGTGGATGATAGGT
qiNOS.rv1 TTAAACTCCTTGCATGCATCCTTA

�2M AB026128, AB026129, AB026130 qA2M.fw1 GACTGCCTTTGTCCTGAGGTCTT
qA2M.rv1 TGGATAAAACAGCCGTCTGAATC

SAA AB016524 qSAA.fw1 CAAGCCATTGGAGGTGCAA
qSAA.rv1 TTCCCACGTGCATGGAAATA

�-actin CCACTBA qACT.fw1 CAACAGGGAAAAGATGACACAGATC
qACT.rv1 GGGACAGCACAGCCTGGAT

40S ribosomal protein S11 AB012087 q40S.fw1 CCGTGGGTGACATCGTTACA
q40S.rv1 TCAGGACATTGAACCTCACTGTCT

concentrations. Differences were evaluated using one-sided
one factor analysis of variance (ANOVA). If ANOVA was
significant, Dunnett’st test was used to determine which
means differed significantly from the control. In case of
non-homogeneous variances Dunnett’sC test was used as a
substitute for Dunnett’st test. Kruskal–WallisH test was ap-
plied in case of non-normal distribution. If Kruskal–Wallis
was significant, the Mann–WhitneyU test was used to de-
termine which means differed significantly.

3. Results

3.1. Plasma homeostasis

To study the impact of HI on homeostasis we analyzed
the kinetics of plasma ion concentrations and osmolality
following HI. Immediately after HI in 4.5% (w/v) NaCl,
plasma levels of Na+ (from 147 to 192 mM) and Cl− (from
120 to 171 mM) as well as plasma osmolality (from 263
to 344 mOsm kg−1) rose profoundly (Fig. 1). These levels
returned to basal levels within 20 min, but at 3 h plasma Na+
and Cl− levels were slightly and transiently elevated once
more to 169 and 144 mM, respectively.

3.2. Skin and gill morphology

The condition of the external epithelia was studied to
ascertain whether changes of plasma parameters coincided
with alterations in morphology. The outer layer of the skin
epithelium of carp consisted of epithelial cells with a char-
acteristic pattern of concentric microridges on the surface.
In-between mucus-filled crypts of mucus cells were posi-
tioned at regular intervals (Fig. 2A). Transverse sections
showed a multi-layered skin epidermis, with mucus cells

and lymphocyte-like cells (Fig. 2B) as well as chloride cells
and alarm cells dispersed between the outer epithelial layer
and the basal membrane.

Immediately following HI, the majority of skin epithelial
cells was still intact, but a considerable number (estimated
5%) of cells scattered throughout the epithelial surface was
progressively losing their microridged surface, rounding
up and shedding, leaving cell-size holes in the epithelium
(Fig. 2C and D). On transverse TEM sections, the cyto-
plasm of these cells was less electron-dense, and the nuclei
were losing their integrity (Fig. 2E). Twenty minutes after
HI the holes in the epithelium were mostly sealed, but the
microridges were very shallow and could have a villus-like
rather than a ridge-like appearance (not shown). Three hours
after HI the epithelium appeared normal and only differed
from the control in their somewhat shallower microridges
(Fig. 2F and G). Twenty minutes after DI, overall skin
morphology was equal to untreated controls (not shown).

Fig. 1. Kinetics of plasma Na+ and Cl− concentrations and plasma
osmolality at various times after the end of HI and sham immersion.
Error bars denote S.D. of 10 replicate measurements. Asterisk indicates
a significant difference from the control (P < 0.001).
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Fig. 2. Scanning and transmission electron micrographs of carp skin. Untreated carp (A and B) showed an intact continuous epithelium. Immediately
after a HI (C–E) the majority of skin epithelial cells was still intact, but a considerable number of cells scattered throughout the epithelial surface was in
various stages of losing their microridged surface, rounding up and shedding, leaving cell-size holes in the epithelium. Three hours after HI (F and G)
the epithelial surface had recovered completely, with the exception of the more shallow microridges at the surface of the epithelium. m, mucus cell; l,
lymphocyte. Arrowheads indicate crypts of mucus cells. Asterisk marks a damaged epithelial cell. Scale bars: (A, C and F) 10�m; (B, D, E and G) 5�m.
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Fig. 3. Scanning and transmission electron micrographs of carp gills. Untreated carp (A–C) showed the intact external and internal organization of the
lamellae. Immediately after HI (D–F) the pavement cells were mostly present, but the tight cell–cell contacts were not very prominent. At the base of
the lamellae, some cells were shed, leaving holes in the epithelial surface. Three hours after HI (G and H) the gill surface had completely recovered.
p, pillar cell; e, erythrocyte; The arrowhead indicates the tight junction between two pavement cells. Asterisk marks the cavity where a cell was shed.
Scale bars: (A, D and G) 10�m; (B, E, F and H) 5�m; (C) 500 nm.
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The lamellae of the gills in carp were covered by a very
thin double layered epithelium consisting of smooth pave-
ment epithelium cells (Fig. 3A). On transverse sections the
internal anatomy of the gill lamellae was visible, consisting
of a capillary bed bridged by pillar cells (Fig. 3B). The con-
tacts between the pavement epithelial cells were raised, due
to the presence of tight junctions. On the basal side of the
epithelium the two cells form finger-like protrusions which
were intricately entangled (Fig. 3C), ensuring a tight seal
from the external milieu.

Directly after HI, the pavement epithelial cells were
swollen, making the raised cell–cell contacts less prominent
(Fig. 3D). Unlike the skin epithelium, few cells had shed
and if so, they were located near the base of the lamel-
lae (Fig. 3E), where the pavement cells began to develop
villus-like protrusions in transition to the epithelium of the
gill filament, with its characteristic microridges. Changes
in the appearance of the filament epithelium were much
alike those described above for skin epithelium. On trans-
verse sections the internal anatomy of the lamellae was
clearly disturbed, with substantial epithelial lifting (Fig. 3F).
Twenty minutes after HI the pavement cells appeared nor-
mal again (not shown) and after 3 h the lamellar (Fig. 3G)
as well as the filamental (not shown) epithelium was indis-
tinguishable from that of controls. Lamellar anatomy had
also recovered (Fig. 3H). Twenty minutes after DI, overall
gill morphology corresponded to that of untreated controls
(not shown).

To identify the mechanisms of the observed cell death,
gill filaments were examined ex vivo. Staining of gill
filaments of untreated fish with PI, revealed a few PI+
(necrotic) nuclei in the mucus layer surrounding the fila-
ments (Fig. 4A). Three hours after HI, accumulations of
PI+ nuclei in the mucus layer were abundant (Fig. 4B).
These accumulations were observed at least up to 24 h after
HI (not shown). Filaments of none of the fish examined
showed marked staining for the apoptosis marker annexin V
(not shown).

3.3. Stress response

To examine the magnitude of the stress response evoked
by HI and DI we measured plasma cortisol concentrations
at various times after HI and compared these values with
basal plasma cortisol concentrations (Fig. 5). Plasma cor-
tisol concentrations peaked at 140 ng ml−1 around 20 min
following a 2 min HI and returned to basal levels within 3 h
after the immersion. Plasma cortisol levels following a 2 min
sham immersion (normal tank water instead of 4.5% NaCl)
peaked at 135 ng ml−1 at 20 min.

3.4. Phagocyte redistribution

To examine stress-induced neutrophilia after immuniza-
tion with LPS–DTAF by HI and DI, we employed the mouse
monoclonal antibody TCL-BE8. In circulation the percent-

Fig. 4. Confocal laser scanning micrographs of carp gills stained as whole
mount in vitro with PI. Occasional PI+ nuclei could be observed in the
mucus surrounding the tip of the filament of untreated fish (A). Three
hours after HI (B), PI+ nuclei had accumulated in the mucus. Scale bars:
100�m, optical slices: 5.5�m.

age of TCL-BE8+ cells displayed a sharp increase, from 4%
in controls to almost 25% at 3 h after immersion vaccina-
tion (Fig. 6A, D and E). During the course of the first 48 h,
percentages of TCL-BE8+ cells gradually declined towards
typical low values. The increase of circulating TCL-BE8+
cells was accompanied by a concomitant decrease of these
cells in the anterior kidney from 38% in controls to around
31% at 3 h after immersion (Fig. 6B). During the course of
the experiment the percentage of TCL-BE8+ cells in the an-
terior kidney slowly recovered to basal values. In gills the
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Fig. 5. Kinetics of plasma cortisol concentrations at various times after
the end of HI and sham immersion. Error bars denote S.D. of 10 replicate
measurements. Asterisk indicates a significant difference from the control
(P < 0.001).

Fig. 6. The kinetics of percentages of TCL-BE8+ cells in circulation (A), the anterior kidney (B) and the gills (C) after the indicated treatment. Error
bars denote S.D. of six replicate measurements. Asterisk denotes a significant difference from the control (P < 0.05). Two representative dotplots of
the percentages of TCL-BE8+ cells in the circulation of a control fish (D) and of a fish 3 h following HI (E) are shown. Panel F shows an electron
micrograph of two phagocytes (p), residing in the gill tissue after HI treatment. Scale bar: 5�m.

percentage of TCL-BE8+ cells showed a marked increase
3 h after treatment (Fig. 6C), which appeared not merely to
result from the increase of TCL-BE8+ cells in circulation,
as phagocytes were readily observed within the epithelium
of the lamellae (Fig. 6F). Despite the higher increase of the
percentage of TCL-BE8+ cells in the gills 3 h after HI there
was no statistically significant difference between both im-
mersion protocols with respect to kinetics of phagocyte re-
distribution in any of the organs at any of the times tested.
After immunization with BSA-FITC, kinetics of redistribu-
tion were comparable to those described for LPS–DTAF (not
shown).

3.5. Antigen uptake

The uptake of a particulate antigen, FITC-labeledA.
salmonicida, was invariably low, regardless of the immersion
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Fig. 7. Confocal laser scanning micrographs of uptake in carp gills of LPS–DTAF (green; A–D) and BSA-FITC (green; E) and LPS–DTAF in carp skin
(F–H). Ten minutes after DI (B and G) uptake of LPS–DTAF (arrowhead) was observed, compared to control (A and F). Uptake of LPS–DTAF (C, D
and H) and BSA-FITC (E) following HI was greatly enhanced compared to DI. PI (red) was applied as a general nuclear stain, except in panel E. a,
alarm cell. Scale bars: (A–C) 200�m; (E) 100�m; (D, and F–G) 50�m. Optical slices: (A–C) 14.9�m; (E) 3.4�m; (D, and F–G) 2.0�m.

treatment. Bacteria adhered in considerable numbers to the
surfaces of gills and, to a lesser extent to skin, but clear
uptake within the tissue of these organs was rare (not shown).

LPS–DTAF was only marginally taken up in the gills and
skin using DI (Fig. 7B and F). Application of HI greatly en-
hanced the amount of LPS–DTAF taken up as well as the
penetration of antigen deeper into the tissue of skin and gills
(Fig. 7C, D and G). A substantial portion of LPS–DTAF
was taken up intracellularly in both epithelial cells (Fig. 8A)
and in phagocyte-like cells residing deeper within the tissue
of gills and skin (Fig. 8B and C), sometimes with promi-
nent neutrophilic granulocyte-like features such as a lobular
nucleus (Fig. 8B). Differences in the uptake of LPS–DTAF
and BSA-FITC were not observed. Although some cells had
taken up LPS–DTAF or BSA-FITC as early as 10 min after
HI, at 6 h after HI BSA-FITC uptake was maximized. At
that time 3.5% of the leucocytes collected by density gra-
dient centrifugation was positive for BSA-FITC (Fig. 8D).
About one-third of these cells was TCL-BE8+ and therefore
considered phagocytic. Significantly more cells had taken
up BSA at 3 h after vaccination with HI compared to DI.

3.6. Activation of innate immunity

To assess activation of the innate immune system, an
RQ-PCR assay was developed for relevant genes associated
with acute inflammation. Interleukin-1�1 (IL-1�1; Fig. 9A;

[43], but not tumor necrosis factor-� (Fig. 9E), was dras-
tically upregulated in the hours following immersion vac-
cination with LPS–DTAF. This upregulation was observed
after application of both vaccination protocols, but was
more pronounced after HI. Ten minutes after the end of HI,
expression of IL-1�1 had already increased 2.5-fold. Three
hours after the end of HI the induction of IL-1�1 expression
reached its peak at over 70-fold increase over control, to
return to baseline values between 24 and 48 h after HI. The
increase of expression of inducible NO synthase (iNOS)
after HI followed similar kinetics and the peak induction
at 3 h after HI was almost 4-fold (Fig. 9B). Application
of DI only induced a modest increase in iNOS expression,
30 min after treatment. Expression of�2-macroglobulin
had increased 3 h after HI, reaching peak levels of 2.5-fold
induction at 6 h after the end of HI (Fig. 9C). DI failed
to increase expression of�2M. Serum amyloid protein A
(SAA) expression gradually increased to peak at an 11-fold
increase at 24 h after HI (Fig. 9D). In the first 3 h there was
no appreciable difference between the two treatments, as
both caused an induction of SAA expression.

3.7. Specific mucosal immunity

As a measure for the amount of antigen-specific antibod-
ies secreted into the mucus or present in the serum we used
binding to LPS–DTAF, coated onto the surface of an optical



4188 M.O. Huising et al. / Vaccine 21 (2003) 4178–4193

Fig. 8. Confocal laser scanning micrographs of intracellular uptake of
LPS–DTAF (green). Panel A shows a gill epithelial cell, filled with
LPS–DTAF. Panel B shows two LPS–DTAF+ cells in the gills. Note
the typical lobular nuclear shape of the lower cell. Panel C shows an
LPS–DTAF+ cell within the skin epidermis. Scale bars indicate 10�m.
Optical slices 1.2�m. Panel D shows a relative quantification by flow
cytometer of the kinetics of BSA-FITC+ cells after the indicated treatment.
Error bars denote S.D. of six replicate measurements. The control group
never displayed FITC-positivity. Asterisk indicates a significant difference
from the control (P < 0.01). # indicates a pairwise significant difference
between two groups (P < 0.01).

Fig. 9. RQ-PCR was performed to assess the expression of several acute inflammatory genes in gills after the indicated treatment. Expression was
standardized for expression of 40S ribosomal protein S11 and relative to expression of controls. (A) IL-1�1, (B) iNOS, (C)�2M, (D) SAA, (E) TNF�.
Representative of two experiments is shown.

Fig. 10. Presence of LPS–DTAF specific binding detected by optical
biosensor. Panel A shows three representative binding curves of mucus
samples to an LPS–DTAF coated cuvette. The dotted line is from an
unvaccinated fish. The dashed and solid lines are the responses detected
in mucus of fish 8 weeks after DI and HI, respectively. Note that each
curve consists of an association and a dissociation phase. The difference
with the base line at the end of the dissociation phase (as determined
by a fixed time) is taken as the readout parameter. These differences are
plotted in panel B for each treatment. At 4 weeks there is no detectable
response in any of the fish tested. Error bars indicate S.E. of the mean.
Asterisks indicate a significant difference from the control (P < 0.01).
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resonance cuvette. The same dilutions of mucus and serum
from all fish were tested. The curves generated by this ap-
proach consisted of two phases (Fig. 10A): an association
phase, in which binding to the coated surface was estab-
lished, and a dissociation phase in which low affinity binding
was removed, leaving only the higher affinity binding. The
response of each sample was quantified as the difference be-
tween the curve at the end of the dissociation phase and the
baseline, corrected for the bulk effect, which is the sudden
increase of the base line at the moment a protein-rich sam-
ple is added. A detectable antigen-specific immune response
was seen as of 6 weeks after HI (Fig. 10B). Eight weeks after
HI, the response had increased further. The antigen-specific
response following DI lagged behind the responses detected
after HI, especially at 8 weeks after vaccination. At 8 weeks
following HI, the response also displayed a higher affinity,
as judged by the steeper association phase (Fig. 10A). No
detectable antigen-specific serum immune response was de-
tected at any of the times following either treatment.

4. Discussion

Immersion vaccination is standard procedure in fish aqua-
culture, but mechanisms of achieving maximal protection
are far from elucidated. After comparison of two methods
of immersion vaccination, it is concluded that HI apprecia-
bly enhances the overall immune response without placing
a greater load on animal well being. We adapted the initial
protocol of HI, developed for rainbow trout[19] to carp
by lowering the osmolality of the hypertonic solution from
1650 mOsm kg−1 (5.3% (w/v) NaCl) to 1450 mOsm kg−1

(4.5% (w/v) NaCl). Initial pilot experiments indicated that
there were no major differences in antigen uptake following
these two protocols. This is corroborated by Fender and
Amend, who showed that at an osmotic value between 1200
and 1400 mOsm kg−1 antigen uptake rises sharply and
that a further increase of osmolality does not significantly
increase antigen uptake[7].

The strong increase in plasma Na+ and Cl− concentra-
tions and osmolality immediately following HI are a direct
result of the hyperosmotic treatment. Apparently the steno-
haline carp cannot cope with the sudden changes in salinity
of this magnitude. Following HI however, when the fish had
been returned to fresh water, the homeostatic equilibrium
was quickly restored. The slight increase in plasma Na+ and
Cl− concentrations observed at 3 h after HI are attributed
to the stress response seen, as cortisol is known to elevate
whole body influxes of Na+ and Cl− [44].

The extreme osmolality changes of the external milieu
causes some epithelial cells to collapse under the osmotic
pressure and undergo necrosis. These cells are quickly shed
from the epithelium, leaving large holes that facilitate entry
of soluble antigen greatly. However, uptake of particulate
antigen, like inactivatedA. salmonicidabacteria, is not
enhanced appreciably, although the particle size is smaller

than the size of the holes in the epithelium. Probably par-
ticulate antigen can only penetrate one cell layer into the
tissue, as that is the extent of the damage inflicted by HI,
whereas soluble antigen can penetrate deeper into the ep-
ithelial tissue once it has crossed the tight osmotic boundary
of the outermost cell layer. The lack of appreciable uptake
of particulate antigen suggests that it is the soluble moiety
that is most important in inducing specific immunity fol-
lowing immersion vaccination. Recovery of the epithelial
integrity was remarkably fast; within 20 min the epithelial
holes were restored, despite some minor morphological dif-
ferences from the normal situation, which take somewhat
longer to restore. The accumulation of necrotic, i.e. PI+
nuclei observed in the gills until at least 24 h after HI are
mostly remnants of cells shed in the initial minutes after
HI, that are retained within the mucus layer before being
carried off altogether. Gill epithelium is a rapidly renewing
tissue[45], a characteristic that ensures quick recovery from
minor epithelial damage, which is an essential feature of a
continuous barrier to the external milieu. This is beneficial
to HI, as it minimizes the risk of opportunistic infections.
However, in the initial minutes after HI the epithelium is
leaky to any soluble component in the vaccine, including
residual formalin present in formalin-inactivated bacterins.
This is noteworthy since formalin is known to have patho-
logical effects at the very low doses associated with many
formalin-inactivated vaccines[46] and formalin might have
a greater impact in combination with HI.

Recently immersion vaccination in combination with ul-
trasound has been proposed as a viable approach to enhance
vaccination success[47]. We anticipate that short ultrasound
exposure evokes ultrastructural alterations[48] not unlike
those reported here, that have a similar effect in enhancing
vaccine uptake as does HI. However, it is a considerably less
accessible method in the field in comparison with HI.

The stress response induced by HI is a typical acute stress
response, with peak plasma cortisol values around 20 min af-
ter treatment and returning to basal levels within hours[49].
Remarkably the peak cortisol levels measured at 20 min af-
ter both HI and sham immersion are very similar, indicating
that it is the handling and restraint associated with immersion
that form the actual stressor and that the osmotic challenge
itself does not further contribute to the magnitude of the
stress response. One could argue that peak cortisol levels are
already maximized, but this is not the case, as considerably
higher peak plasma cortisol values resulting from an acute
stressor have been reported for the carp strain used[50].

Stress-induced neutrophilia is a well-known phenomenon.
It is considered a healthy strategy to rapidly increase the
number of circulating phagocytes, thereby temporarily en-
hancing peripheral surveillance. This is an adaptation to cope
with the increased chances of injury and infection that are
commonly associated with stress. In fish the anterior kidney
is one of the most prominent haematopoietic organs and it is
likely that phagocytes directed towards the periphery origi-
nate from the anterior kidney at least for a substantial part.
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The osmotic shock itself does not appreciably contribute to
the redistribution of TCL-BE8+ cells from the anterior kid-
ney towards the circulation, as the kinetics of TCL-BE8+
cells following either HI or DI treatment are very similar.
Therefore, the stress response is considered to be the driv-
ing force behind the redistribution of phagocytes into the
circulation. The percentage of phagocytes in circulation has
largely normalized within 24 h after the immersion vaccina-
tion, while the neutrophil population in the anterior kidney
has not fully recovered within 48 h. Neutrophilic granulo-
cytes, that constitute the larger portion of the redistributed
phagocytes, are generally short-lived and either extravasate
into peripheral tissues or are removed from the circulation
by apoptosis[51,52]. Phagocyte populations in the systemic
organs on the other hand are restored by cell proliferation,
a process that takes days rather than hours to restore the
population to normal.

From the circulation neutrophils migrate to peripheral
organs such as gills and skin under the influence of lo-
cally secreted factors. This is a subtle effect, as the relative
number of phagocytes in the gills only modestly increases
following treatment. It is however not merely the result
of the enhanced number of phagocytes in circulation, as
active phagocytes are frequently observed within the tis-
sue of the gill lamellae instead of within the capillary bed.
We postulate that the slight difference in the percentage of
TCL-BE8+ cells between HI and DI 3 h after treatment is
biologically significant and reflects enhanced local activa-
tion of the innate immune system. It is this enhanced redis-
tribution towards the peripheral tissues in combination with
the greatly increased uptake of soluble antigen over the ep-
ithelial boundary that accounts for the profound increase in
the number of leukocytes that have taken up antigen. Since
processing and presentation of antigen by professional anti-
gen presenting cells is an essential step towards a specific
humoral immune response, the redistribution of phagocytes
towards the sites of antigen uptake is highly significant.

The rapid activation of local immunity is also evident from
the acute upregulation of a number of acute phase factors.
The cytokine IL-1�1 is one of the earliest cytokines released
during inflammation[53]. Indeed we observe enhanced ex-
pression already at 30 min after the end of HI. Expression
of iNOS is also rapidly induced, expression levels peaking
at 3 h after the end of HI. NO synthesized by iNOS is a
mediator of non-specific antimicrobial activities[54]. Peak
levels in expression of�2M and SAA lag behind those of
IL-1�1 and iNOS.�2M is an acute phase protein in many
species, functioning both as a non-specific plasma protease
inhibitor as well as a cytokine carrier[55]. In humans,�2M
is also implicated in induction of iNOS through neutral-
izing the anti-inflammatory cytokine transforming growth
factor-� (TGF�) [56] but this function is not likely in our
case, as peak levels of iNOS expression precede those of
�2M. Not much is known of SAA but it is postulated to be
involved in the repair of tissue damage[57]. Induction of
SAA after injection of liveA. salmonicidahas been reported

previously [58]. Surprisingly, TNF� expression is not up-
regulated, despite the fact that it is generally considered a
pro-inflammatory cytokine that is often co-stimulated with
IL-1�1 and is induced byEscherichia coliLPS[41], requir-
ing further investigation. The differences with regard to the
increase of expression of the various genes result from the
different functions of these genes. IL-1�1 is a messenger,
that has to carry its message over a considerable distance and
therefore needs to be potently upregulated. iNOS,�2M and
SAA are downstream effectors involved in inflammation or
recovery of tissue damage. Upregulation of these proteins
does not need to be as robust to achieve maximal biologi-
cal effect. The more profound activation of innate immunity
caused by HI is likely caused by a combination of endoge-
nous factors released upon local damage together with the
substantial amount of LPS, which is known to be a potent
stimulator of expression of IL-1�1 and iNOS[43,59]. The
induction of IL-1�1 following DI and the comparable in-
duction of SAA in the initial phase after both treatments
is probably caused either, by uptake of small amounts of
LPS–DTAF following DI, or by a more general mechanism,
e.g. direct regulation by cortisol. The activation of innate im-
munity reported here is at least partially caused by the LPS
we employed as a model vaccine and therefore may not be
representative of most immersion vaccines. However, LPS
and similar common pathogen motifs have been shown to
constitute a large part of the soluble moiety of many vac-
cines. Bricknell et al.[60] showed that a humoral response to
an extracellular polysaccharide ofA. salmonicidawas pro-
tective against challenge with virulentA. salmonicida. In a
study ofPasteurella piscicidainfection in gilthead seabream
(Sparus aurata) a whole-cell bacterin did confer some pro-
tection only when enriched for the extracellular toxoid[61].
This suggests that at least for some pathogens the soluble
moiety is crucial in inducing protective immunity.

The specific immune response resulting from immersion
vaccination with 0.2% LPS–DTAF is detectable in skin mu-
cus only, but not in plasma. This confirms the presence of
a specific local immune system in fish, as suggested previ-
ously [12–15]. The exclusive induction of mucosal immu-
nity following immersion vaccination fits in with the aim
of protection to pathogens that commonly enter through the
(external) mucosal surfaces. This confinement to the mu-
cosal compartment may be the result of the relatively low
doses of antigen used. Application of higher antigen doses
through the same route may induce a ‘spill-over’ systemic
response. The mucosal antibody response induced following
HI is markedly stronger and lasts longer than that detected
after DI. Moreover, the combined affinity of the response is
higher following HI, suggesting affinity maturation. Taken
together these data indicate the existence of a functional
compartmentalization of the mucosal immune system, alike
the mammalian situation, that can be selectively activated
and achieve higher overall affinity.

Peak antibody levels following HI might lie beyond our
final sampling time, which is 8 weeks after immersion
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vaccination. However, the specific immune response takes
quite long (at least 4 weeks) to develop to detectable lev-
els. This is in line with previous reports on the detection
of mucosal immunity by biosensor in rainbow trout (On-
corhynchus mykiss) [62]. Using an ELISPOT assay, numbers
of antibody secreting cells in the gills of sea bass (Dicen-
trarchus labrax) peak at 8 days following DI with a bacterin
of Photobacterium damselaessp.piscicida [12]. The ap-
parent lag between the peak responses may be attributed to
differences in technique, as there may be a lag between the
time of antibody secretion by specific plasma cells and the
time that these antibodies are detectable in fish mucus.

In conclusion, we show that HI is a valid approach to boost
specific immune responses through immersion vaccination.
The main advantages of HI over DI are a dramatic increase
in uptake of soluble antigen accompanied by a marked in-
crease in the percentage of intracellular uptake by leuco-
cytes. This initially leads to a profound acute inflammatory
response and ultimately to an enhanced specific mucosal re-
sponse. The damage inflicted by HI is instrumental to en-
hance uptake of soluble antigen and is rapidly repaired. The
animals do not experience additional stress over the stress
associated with handling. Essentially, HI acts as an adju-
vant in the way it enhances vaccine uptake and stimulates
the activation of the innate as well as the acquired immune
system. Here, for the first time we thoroughly characterized
the chain of events that is initiated by HI and that precedes
ultimate specific mucosal immunity. Our data substantiate
that HI makes a valuable contribution to enhancing the ef-
ficiency of immersion vaccination, making it an attractive
alternative to injection methods. Furthermore, the data pre-
sented will enhance our understanding of fish vaccination
and enable us to modify and improve vaccination protocols,
so that maximal protection can be achieved with minimal
costs and loss of production.
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