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Intranasal delivery of vaccines provides an attractive alter-
native to parenteral delivery, but it requires appropriate mu-
cosal adjuvants. Cholera toxin (CT) is a powerful mucosal
adjuvant, but it can undergo retrograde transport to the
brain via the olfactory system after intranasal delivery. We
demonstrate that intranasal delivery of CT increases the ex-
pression of interleukin-18, cyclooxygenase-2, and chemokine
messenger RNA in the murine hypothalamus, whereas par-
enterally delivered CT has little effect. Our findings suggest
that CT can induce proinflammatory mediators in the brain
when it is administered intranasally but not parenterally, and
they raise concerns about the use of AB toxins as adjuvants
in intranasal vaccines.

Intranasally delivered vaccines provide an attractive alternative
to parenteral vaccines, in that they facilitate the induction of
mucosal immunity and eliminating the need for injection, but
they require the inclusion of appropriate mucosal adjuvants.
The AB-type toxins—cholera toxin (CT) and Escherichia coli
heat-labile enterotoxin (LT)—have powerful mucosal adjuvant
activity and enhance immune responses to antigens delivered
orally, intranasally, and parenterally [1, 2]. However, their in-
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herent toxicity, which is largely due to the ADP-ribosyltrans-
ferase activity of their enzymatic A subunit, hampers clinical
use. Various nontoxic derivatives of CT and LT have been de-
veloped, many of which retain at least a portion of the adjuvant
activity of the wild-type toxins [1]. However, concerns have
been raised about the safety of AB-type toxins delivered intra-
nasally [3].

The presence of a pentameric B subunit facilitates the binding
of AB toxins to all nucleated cells, including neurons. It has
been reported that intranasally delivered CT or the B subunit
of CT can move, by retrograde transport, into the olfactory
nerves/epithelium and olfactory bulb; this transport is facili-
tated by the ability of the B subunit to bind monosialogan-
glioside (GM-1) [3]. Furthermore, unlike the holototoxin, a
non-GM-1-binding derivative of CT (CTA1-DD) did not bind
to or accumulate in nervous tissues of the olfactory bulb [4].
In addition, cases of Bell palsy have been linked to an intra-
nasally delivered influenza vaccine administered with LT as ad-
juvant, and the vaccine was subsequently withdrawn from clin-
ical use [5]. These studies highlight the potential neurotoxicity
of AB toxins after intranasal delivery and suggest that both the
enzymatic and binding domains may contribute to adverse ef-
fects. However, to date, there have been no attempts to deter-
mine the functional significance of the accumulation of GM-
1-binding molecules in nervous tissue after intranasal delivery.

We have previously demonstrated that the parenteral ad-
ministration of a whole-cell pertussis vaccine (Pw) stimulated
the production of interleukin (IL)-18 in the murine hypo-
thalamus and hippocampus that was associated with fever and
seizure responses, respectively [6, 7]. In addition, the parenteral
injection of lipopolysaccharide (LPS), which is present at high
concentrations in Pw, induces the expression of IL-183 in the
brain, and this has been associated with febrile responses and
cognitive dysfunction in rodents [7, 8]. In the present study,
we demonstrate that the intranasal, but not parenteral, admin-
istration of CT results in the induction of proinflammatory
mediators (including IL-1f3) in the brain and that CT stimulates
the production of IL-18 from mixed glial cells prepared from
the brains of neonatal mice.

Materials and methods. Female BALB/c and C57BL/6 mice
were purchased from Harlan. Mice were 8—10 weeks old at the
initiation of experiments and were housed individually in ven-
tilated cages. All experiments were performed in accordance
with regulations of the Irish Department of Health, the Euro-
pean Union, and the Ethics Committee of Trinity College Dub-
lin. CT, LPS (10 ug), or PBS only was administered intranasally
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in 10-15 pL of PBS without the use of anesthetic or subcu-
taneously (sc) in 0.2 mL of PBS. Mice were killed by cervical
dislocation 2 or 6 h later. Brains were rapidly removed, and
hypothalamii and olfactory bulbs were dissected free. Individual
hypothalamii, olfactory bulbs, and sections of liver were ho-
mogenized in 1 mL of TRI Reagent (Sigma) and frozen at
—80°C for subsequent mRNA analysis. Sections of liver were
also homogenized in Tris-HCI buffer (0.25 mol/L [pH 7.4])
with 2% fetal calf serum for the estimation of IL-18 protein
by ELISA (Duo-Set; R&D Systems), as described elsewhere [7].

Primary cultures of mixed glia were prepared from whole
brains of 0-3-day-old BALB/c mice [8]. Cells were plated on
poly-L-lysine—coated (60 ug/mL) coverslips in 24-well plates at
a density of 200,000 cells/well; these were fed every 3 days until
confluence (day 10-14). Cells were then incubated with me-
dium only, CT (1 pg/mL), or LPS (100 ng/mL) for 6 h at 37°C
and then harvested for reverse-transcription polymerase chain
reaction (PCR) or intracellular cAMP analysis by use of the Bio-
trak nonacetylation EIA system (Amersham Biosciences).

Total RNA was extracted from tissue samples and mixed glial
cells by use of TRI Reagent, in accordance with the manufac-
turer’s instructions. First-strand cDNA (20 pL) was synthesized
from 2 pg of total RNA, as described elsewhere [9]. An aliquot
(2 pL) of each cDNA was used a template for PCR amplification
with primers specific for IL-18 [9], cyclooxygenase (COX)-2
(forward, 5-GTATCAGAACCGCATTGCCTCTGA-3'; reverse,
5-CGGCTTCCAGTATTGAGGAGAACAGAT-3'), monocyte che-
motactic protein (MCP)-1 (forward, 5-TCTCTTCCTCCACC-
ACCATGCAG-3; reverse, 5-GGAAAAATGGATCCACACCT-
TGC-3'), tumor necrosis factor (TNF)-« (forward, 5-TGA-
ACTTCGGGGTGATCGGTC-3; reverse, 5~ AGCCTTGTCCC-
TTGAAGAGAAC-3'), and macrophage inflammatory protein
(MIP)-1a (forward, 5-CCCTTTTCTGTTCTGCTGACAAG-3';
reverse, 5-GAAGAGTCCCTCGATGTGGCTA-3'), or (B-actin
[9], which was used as a housekeeping gene. Exon-spanning
primers were used in all cases, to allow the discrimination of
mRNA from contamination by genomic DNA. Amplified PCR
products were separated by electrophoresis on 1.2%-2.0% aga-
rose gels in the presence of ethidium bromide (10 uL of PCR
reaction mix). The quantification of PCR products was per-
formed by densitometric analysis of photographic negatives of
agarose gels by use of GeneSnap acquisition and GeneTools
analysis software (GeneGenius Gel Documentation and Analy-
sis System; Syngene). For each mouse, the density of DNA
amplicon bands were assessed, and values for mRNA are ex-
pressed in relative absorbance units. A band for a PBS control
mouse was assigned an arbitrary value of 1 U, and the density
of all other bands in that experiment was measured relative to
that band. Results are expressed as ratios of the densitometer
readings for the target genes divided by the reading for the 8-
actin gene.

One-way analysis of variance was used to test for statistical
significance at each time point. Statistical significance was set
at P<.05. Multiple comparisons between groups were assessed
by use of the Tukey-Kramer post hoc test.

Results. We compared the effects of sc and intranasal ad-
ministration of CT on proinflammatory gene expression in the
hypothalamus of BALB/c mice. We had previously shown that
parenterally delivered LPS can induce inflammatory cytokines
in the hypothalamus and hippocampus of mice and rats and
that this was associated with febrile responses and cognitive
dysfunction [7, 8]. For the present study, we used LPS as a
positive stimulator of inflammatory responses in the brain. We
used the relatively high dose of 10 pg/mouse to ensure a re-
producible effect in a high proportion of mice. Preliminary ex-
periments showed variable effects with lower doses. Intranasal
administration was performed without anesthesia by use of a
relatively low volume (10-15 pL), to minimize transport in-
to the respiratory tract. Compared with that in vehicle-treated
control mice, a significant enhancement of the transcription of
IL-16, TNF-e, and MCP-1 was detected in the hypothalamus
2 and 6 h after the sc administration of LPS (figure 1A). Par-
enteral administration of LPS also enhanced the transcription
of COX-2, MIP-1¢, and MIP-2 in the hypothalamus at 2 h
(figure 1 and data not shown). Parenteral administration of CT
did not enhance mRNA expression of IL-13, TNF-a, COX-2,
or MCP-1 in the hypothalamus, compared with that in control
mice, at either 2 or 6 h after treatment, but it did significant-
ly enhance the expression of MIP-1« at 2 h. In contrast, the
intranasal administration of CT significantly enhanced mRNA
expression of IL-183, TNF-a, COX-2, MIP-1e, and MCP-1 in
the hypothalamus 6 h after treatment (figure 1). Furthermore,
the intranasal delivery of CT increased mRNA expression of pro-
inflammatory cytokines and chemokines in the hypothalamus of
C57BL/6 mice (data not shown). Conversely, intranasally deliv-
ered LPS had no significant effect on cytokine mRNA expression
in the hypothalamus (figure 1B).

It has been reported that CT can move into the olfactory
bulb via retrograde transport along the olfactory nerves [3].
Here, we have demonstrated that the intranasal delivery of CT
resulted in a significant increase in the mRNA expression of
IL-16 in the olfactory bulb 6 h, but not 2 h, after treatment
(figure 2A). LPS also significantly enhanced the transcription
of IL-1f in the olfactory bulb 6 h after intranasal delivery. In
contrast, intranasal delivery of CT had no effect on the mRNA
expression of IL-183 (figure 2B) or the protein concentration
of IL-18 (figure 2D) at a distant site, the liver. However, the
sc administration of CT significantly enhanced the mRNA ex-
pression of IL-183 (figure 2C) and protein concentration (figure
2D) in the liver. Similarly, parenteral, but not intranasal, ad-
ministration of LPS significantly increased the mRNA expres-
sion of IL-1f in the liver (figure 2B and 2C).
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Figure 1.  Enhancement of proinflammatory mediators by cholera toxin (CT) in the hypothalamus after intranasal but not parenteral delivery. CT,
lipopolysaccharide (LPS; 10 ug), or PBS was administered to groups of 13 BALB/c mice subcutaneously (sc) (A) or intranasally (B). Mice were killed
after 2 or 6 h, and interleukin (IL}-13, tumor necrosis factor (TNF)—c, cyclooxygenase (COX)}-2, monocyte chemotactic protein (MCP)-1, and macrophage
inflammatory protein (MIP}-1cc mRNA expression was determined by reverse-transcription polymerase chain reaction in the hypothalamus. Values for
mRNA are given as the mean = SE (2 h, n=5; 6 h, n = 8), are expressed in relative absorbance units, and are standardized per unit of 3-actin
(BA) per sample. *P< .05, *P< .01, and **P< .001, LPS- vs. PBS-treated mice; *P< .05 and **P< .01, CT- vs. PBS-treated mice. Results are representative

of 3 experiments.

One mechanism whereby LPS and CT may stimulate inflam-
matory cytokines in the brain is through the activation of as-
trocytes or microglial cells; therefore, we examined the ability
of CT and LPS to stimulate inflammatory cytokines from mixed
glial cells in culture. The stimulation of glial cells with CT re-
sulted in a significant enhancement in intracellular cAMP con-
centrations, whereas LPS treatment had no effect (figure 2E).
This is consistent with ADP ribosyltansferase activity of CT and
its ability to elevate cCAMP concentrations in other cell types
[1]. In contrast, both CT and LPS enhanced the mRNA ex-

pression of IL-13 and COX-2 (figure 2F) in mixed glial cells.
CT also increased the mRNA expression of MIP-2 but not
MCP-1, TNF-a or MIP-1« at 6 h, whereas LPS increased the
expression of all these mediators (data not shown). These find-
ings suggest that CT and LPS have the capacity to stimulate
proinflammatory cytokines in brain cells in vitro, and this may
provide an explanation for the effects observed in vivo.
Discussion. The major finding of the present study is that
the intranasal delivery of CT in mice is associated with sig-
nificantly increased mRNA expression of proinflammatory
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Figure 2.

Induction of interleukin (IL}-13 expression in vivo by cholera toxin (CT) in the olfactory bulb and liver after intranasal and parenteral

delivery, respectively, and in vitro from cultured glial cells. CT or lipopolysaccharide (LPS) was administered intranasally, and IL-18 mRNA expression
was determined in the olfactory bulb (A) and liver (B) after 2 and 6 h. CT and LPS were administered subcutaneously, and IL-18 mRNA expression
was determined in the liver after 2 or 6 h (C). Values for mRNA are given as the mean + SE (2 h, n =5; 6 h, n = 8), are expressed in relative
absorbance units, and are standardized per unit of B-actin (BA) per sample. IL-18 protein concentrations were determined by ELISA in liver samples
recovered 6 h after subcutaneous or intranasal administration of CT (D) (subcutaneous, n = 6; in, n = 8). Mixed glial cells were stimulated with CT
(1 mg/mL), LPS (100 ng/mL), or medium only, and intracellular cAMP concentration on cells was determined by EIA; results are given as the mean
+ SE for triplicate cultures (E) or for IL-183, cyclooxygenase (COX)-2, or BA mRNA expression in glial cells pooled from 4 wells determined by reverse-
transcription polymerase chain reaction (F) 6 h later. *P< .05, *P< .01, and **P<.001, LPS- vs. PBS-treated mice; *P< .05 and **P< .01, CT- vs.

PBS-treated mice. Results are representative of 2 experiments.

mediators in the murine hypothalamus. Intranasally delivered
vaccines can stimulate mucosal immunity, but they require
powerful adjuvants such as AB-type toxins, which may be as-
sociated with a risk of neurological reactions due to transport
to the brain via the olfactory system. It had previously been
reported that GM-1-binding toxins undergo retrograde trans-
port to the brain via the olfactory bulb [3]. In the present study,
we observed significant increases in the mRNA expression of
IL-18, COX-2, MCP-1, MIP-1¢, and TNF-« in the hypothal-
amus of mice after the intranasal delivery of CT. Expression of
these proinflammatory mediators were also enhanced in the

murine hypothalamus after sc, but not intranasal, delivery of
LPS. Febrile responses observed after the parenteral adminis-
tration of LPS or Pw have been linked to an enhancement of
IL-18, TNF-a, COX-2, and MIP-1 expression in the hypo-
thalamus [6, 10, 11]. Although the CT-induced responses are
less profound and delayed, compared with those induced by
parenterally delivered LPS, they were increased >2-fold and
were significantly (P<.05-.001) greater than those in control
mice; this may have physiological consequences. Increases of
=<2-fold in mRNA expression of IL-13 or COX-2 in the hy-
pothalamus have been reported to be sufficient to induce fever
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[11] and cognitive dysfunction [8]. Increased expression of
MCP-1 in the brain has been associated with enhanced blood-
brain barrier (BBB) permeability and has been implicated in
the infiltration of mononuclear leukocytes into the central ner-
vous system (CNS) in a number of neuroinflammatory con-
ditions [12].

In contrast to intranasal delivery, the parenteral administra-
tion of CT had little effect on the mRNA expression of pro-
inflammatory mediators in the hypothalamus. Intranasally de-
livered CT can gain access to the olfactory system through
retrograde transport after binding to GM-1 on olfactory nerves
[3]. Similarly, it has been shown that LT can move to the
olfactory bulb within 6 h of intranasal delivery. This effect was
reported to be dependent on the species and strain of exper-
imental animals, with BALB/c mice being the most susceptible
[13]. However, we observed proinflammatory effects with CT
in BALB/c and C57BL/6 mice. The effects of CT in the hy-
pothalamus after intranasal delivery may be due to its ability
to move into the brain via retrograde transport along the ol-
factory nerve, thus bypassing the BBB. The parenteral admin-
istration of CT had no effect in the hypothalamus, which sug-
gests that CT may be unable to cross the BBB or that it is
sequestered by GM-1—expressing cells closer to the site of in-
jection. In contrast, parenteral, but not intranasal, administra-
tion of LPS induced the production of proinflammatory me-
diators in the brain, which suggests that adjuvants that stimulate
inflammatory responses through Toll-like receptors may be less
reactogenic by the intranasal than by the parenteral route.

Our results do not rule out the possibility that peripheral
signaling in the olfactory bulb might be capable of initiating
intra-CNS synthesis of inflammatory mediators. However evi-
dence from our own studies, as well as those of others [3, 4],
suggests that CT may enter the brain and stimulate proinflam-
matory mediators from glial cells. Our data suggest that IL-13
induced in the hypothalamus after the intranasal delivery of
CT is due to the local effects of CT in the brain. Intranasally
administered CT enhanced the transcription of IL-1(3 in the
olfactory bulb 6 h after treatment but had no effect on the
production of IL-1( in the liver. This suggests that the intranasal
delivery of CT has proximal effects in the olfactory bulb and
hypothalamus but does not have effects at distal sites (such as
the liver). In contrast, parenterally delivered CT increased the
production of IL-13 in the liver. van Ginkel et al. [14] recently
demonstrated that GM-binding pneumococci can use the ol-
factory nerves to target the brain and, thus, be detected in the
brain in the absence of bacteremia.

The present study also demonstrates that CT can induce the
transcription of IL-13 and COX-2 in a mixed glial-cell population
of astrocytes and microglia. The activation of glial cells by CT
was accompanied by an increase in intracellular cAMP levels,
but that by LPS was independent of cAMP enhancement. The

ADP ribosyltransferase activity of the A subunit of CT activates
adenylate cyclase, which leads to enhanced concentrations of
intracellular cAMP, and this has been associated with the in-
duction of cytokine secretion in dendritic cells and macrophages
[1, 2]. However, other immunomodulatory effects of CT and LT
are independent of enzymatic activity. Nontoxic mutants of CT
and LT retain certain of their adjuvant effects, and it has been
argued that these may be safer for use in intranasal vaccines in
humans [1]. Indeed, it has been demonstrated that an intranasally
delivered nontoxic I'T mutant, LTK63, did not induce inflam-
mation—as detected by histological changes—in the olfactory
bulb, brain, or meninges of outbred mice [15] and that it did
not induce any serious adverse reactions as a component of an
intranasal influenza vaccine tested in a clinical trial in humans
(I. Stephenson, K. G. Nicholson, A. Rudin, A. Colegate, A. Pod-
da, R. Bugarini, G. del Giudice, A. Minutello, S. Bonnington, J.
Homgren, K.H.G.M., and M. C. Zambon, unpublished data).
However, it has also been reported that the intranasal delivery
of CT, LT, or the LT mutants ITR129G and LTS63K resulted in
overt inflammation of the meninges and severe lesions in the
olfactory bulb of BALB/c mice, whereas the B subunit of LT or
a nonbinding mutant did not undergo retrograde transport to
the olfactory bulb [16]. The present study in mice has demon-
strated, to our knowledge, for the first time, that there may be
a functional significance of the retrograde transport of CT into
the CNS. The proinflammatory effects of intranasally delivered
CT in the murine hypothalamus, along with its effect on cultured
glial cells, suggests that the future clinical evaluation of LT and
CT derivatives as adjuvants for intranasal vaccines should care-
fully monitor possible neurological effects in humans.
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