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Histamine (HA), a biogenic amine with a broad spectrum of
activities in both physiological and pathological settings, plays a
key regulatory role in experimental allergic encephalomyelitis, the
autoimmune model of multiple sclerosis. HA exerts its effect
through four G protein-coupled receptors designated HA receptor
H1, H2, H3, and H4. We report here that, compared with wild-type
animals, mice with a disrupted HA H3 receptor (H3RKO), the
expression of which is normally confined to cells of the nervous
system, develop more severe disease and neuroinflammation. We
show that this effect is associated with dysregulation of blood–
brain barrier permeability and increased expression of MIP-2, IP-10,
and CXCR3 by peripheral T cells. Our data suggest that pharmacological targeting of the H3R may be useful in preventing the
development and formation of new lesions in multiple sclerosis,
thereby significantly limiting the progression of the disease.

postsynaptic activity, and neurotransmitter spillover (20). To
assess the role of central H3R signaling in regulating autoimmune inflammatory disease of the CNS, we studied MOG35–55
(myelin oligodendrocyte glycoprotein peptide 35–55)-induced
EAE in B6.129P2-Hrh3tm1Twl (H3RKO) mice (21). We report
here that, compared with B6 mice, H3RKO mice develop more
severe acute-early phase disease and neuroinf lammation.
H3RKO mice did not exhibit a significant increase in either their
humoral or cell-mediated anti-MOG35–55 responses, and ex vivo
cytokine production of primed macrophages was not different
from that of B6 macrophages. However, compared with B6 mice,
H3RKO mice exhibited a significant increase in BBB permeability, and their T cells selectively expressed more MIP-2, IP-10,
and CXCR3. CXCR3 marks T cells that are competent to
migrate across the BBB (22).

blood– brain barrier 兩 experimental allergic encephalomyelitis 兩
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Results

H

istamine [2-(4-imidazole) ethylamine] (HA) is a ubiquitous
mediator of diverse physiological processes including neurotransmission, secretion of pituitary hormones, and regulation
of the gastrointestinal and circulatory systems (1). HA is a potent
mediator of inflammation and a regulator of innate and adaptive
immunity (2). HA exerts its effect through four G proteincoupled receptors [H1, H2, H3, and H4 receptor, designated
according to the chronological order of their discovery (1)].
HA is implicated in the pathophysiology of multiple sclerosis
(MS) and its animal models, collectively termed experimental
allergic encephalomyelitis (EAE). HA and agents causing the
release of HA from mast cells, the primary source of HA in the
body (3), alter blood–brain barrier (BBB) permeability. Tissue
levels of HA correlate with the onset of EAE (4–6). Inhibitors
of mast cell degranulation and H1R and H2R antagonists modify
EAE severity (7–12). Epidemiological data indicate that use of
sedating H1R antagonists is associated with decreased MS risk
(13). In a small pilot study, patients with relapsing–remitting or
relapsing–progressive MS given the H1R antagonist hydroxyzine
remained stable or improved neurologically (14). Microarray
analysis revealed that the H1R was overexpressed in the chronic
plaques of MS patients (15). Moreover, mouse genetic studies
have shown that HA, H1R, and H2R play an important role in
regulating encephalitogenic T cell responses and susceptibility to
EAE (16–18). The role of H3R and H4R in EAE and MS has not
been studied.
H3R is not normally expressed by hematopoietic cells; rather,
it is expressed presynaptically where it is an inhibitory autoreceptor (inhibits release of HA from histaminergic neurons) and
heteroreceptor (inhibits release of other neurotransmitters such
as acetylcholine, noradrenaline, dopamine, and 5-HT from
nonhistaminergic neurons) (19). Absence of presynaptic inhibition results in failure to limit neurotransmitter release, increased
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Clinical EAE in H3RKO mice. Male and female C57BL/6J (B6) and

H3RKO mice were studied for susceptibility to MOG35–55induced EAE (16–18). No difference was seen between male and
female mice within each group [see supporting information (SI)
Fig. 7], and the overall disease incidence did not differ significantly between B6 (17/17) and H3RKO (19/20) mice. Consequently, male and female mice were combined. Compared with
B6 controls, H3RKO mice develop more severe EAE (Fig. 1).
This is especially apparent in the acute-early phase of clinical
disease. The mean day of disease onset in H3RKO mice was
11.2 ⫾ 0.7 compared with 14.4 ⫾ 0.5 in B6 controls (P ⫽ 0.0002).
When the clinical disease parameters were evaluated during the
acute-early [day 7 (D7) through D18] and chronic-late (D19
through D30) phases (23), the acute-early phase cumulative
disease scores and number of days affected were found to be
significantly greater in H3RKO mice compared with B6 animals
[27.0 ⫾ 2.6 vs. 16.5 ⫾ 2.2 (P ⫽ 0.002) and 8.2 ⫾ 0.6 vs. 4.5 ⫾ 0.5
(P ⫽ 1e-05]; in contrast, the chronic-late phase cumulative
disease scores and number of days affected were not significantly
different [42.8 ⫾ 7.1 vs. 40.5 ⫾ 11.5 (P ⬎ 0.05) and 11.95 ⫾ 0.2
vs. 12 ⫾ 0 (P ⬎ 0.05)].
Author contributions: C.T., H.O., and E.P.B. designed research; M.S., R.N., J.F.G., and J.F.Z.
performed research; C.T., H.O., J.F.Z., and E.P.B. analyzed data; and C.T. and E.P.B. wrote the
paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Abbreviations: BBB, blood– brain barrier; CFA, complete Freund’s adjuvant; EAE, experimental allergic encephalomyelitis; HA, histamine; MS, multiple sclerosis; PTX, pertussis
toxin; SC, spinal cord; Dn, day n.
†To whom correspondence should be addressed at: C317 Given Medical Building, University

of Vermont, Burlington, VT 05405. E-mail: c.teuscher@uvm.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/
0702291104/DC1.
© 2007 by The National Academy of Sciences of the USA

www.pnas.org兾cgi兾doi兾10.1073兾pnas.0702291104

C57BL/6J
H3RKO

25000

Relative Expr ession

4
3
2
1

C57BL/6J
H3RKO

3000
2500

p < 0.0001

1000
75

p = 0.001

0

0

MIP-2

5

10

15

20

25

Fig. 1. Clinical EAE course in B6 (n ⫽ 17) and H3RKO (n ⫽ 20) mice elicited
by immunization with MOG35–55 plus CFA plus PTX. Regression analysis (23)
revealed that the disease course in both strains fits a variable slope sigmoidal
curve and is significantly different between the two strains (F ⫽ 32.5; P ⬍
0.0001).

EAE Pathology. Assessment of the previously defined trait variables associated with EAE pathology (24, 25) (see SI Fig. 8) was
performed at D12, the time point equivalent to half-maximal
disease severity in H3RKO mice (Fig. 1), and at D30. At D12
H3RKO mice exhibited significantly greater EAE pathology in
both the brain (Fig. 2A) and spinal cord (SC) (Fig. 2B) compared
with B6. In contrast, at D30 there was not a significant difference
in the overall severity of the lesions in either the brain [B6 ⫽
2.2 ⫾ 0.2 vs. H3RKO ⫽ 2.3 ⫾ 0.2 (P ⬎ 0.05)] or the SC [B6 ⫽
11.0 ⫾ 0.8 vs. H3RKO ⫽ 11.0 ⫾ 0.7 (P ⬎ 0.05)]. These results
suggest that H3R signaling negatively regulates CNS autoimmune inflammatory disease and that the increased clinical
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Fig. 3. MIP-2, RANTES, IP-10, and CXCR3 expression was determined by
RT-PCR after ex vivo restimulation of B6 and H3RKO cells with MOG35–55.
Samples were run in triplicate, and relative expression levels were determined
by normalizing to L32. Significance of differences in expression between B6
and H3RKO T cells was determined by using Student’s t test with a P value
⬍0.05 as the significance threshold.

disease seen during the acute-early phase in H3RKO mice is
associated with earlier and more severe inflammatory infiltrates.
Changes in EAE-Associated Immune Components of H3RKO Mice. H3R
is not detected on hematopoietically derived cells (19). RT-PCR
analysis failed to detect H3R expression in normal unmanipulated mouse spleen and lymph node (data not shown). Nevertheless, we compared a variety of immune parameters between
B6 and H3RKO mice after sensitization with MOG35–55 plus
complete Freund’s adjuvant (CFA) plus pertussis toxin (PTX).
We hypothesized that, given the lack of expression of H3R on
hematopoietically derived cells, we would not observe differences in their innate or adaptive immune functions. True to this
expectation, there was no difference in the anti-MOG35–55
antibody response between B6 and H3RKO mice (see SI Fig. 9),
and H3RKO mice generate MOG35–55-specific CD4 effector T
cells equivalent in encephalitogenic activity to those elicited in
B6 mice (see SI Fig. 10). Again as expected, in vitro proliferative
responses of splenic and draining lymph node T cells did not
differ markedly between B6 and H3RKO mice (see SI Fig. 11),
and there was no significant difference in the secretion and/or
expression of T helper 1, 2, or 17 cytokines, or Foxp3, after ex
vivo restimulation with MOG35–55 (see SI Fig. 12). As expected,
cytokine, chemokine, and growth factor production by peritoneal exudate macrophages from immunized B6 and H3RKO
mice did not differ significantly in relative abundance (see SI Fig.
13). However, unexpectedly, MIP-2, IP-10, and CXCR3 (a
receptor for IP-10), but not RANTES, expression was significantly greater in H3RKO T cells compared with B6 controls
(Fig. 3).
Changes in BBB Permeability in H3RKO Mice. The significant differ-
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Fig. 2. Quantification of lesion severity in B6 and H3RKO mice. Lesions in the
brains (A) and SC (B) of H3RKO mice are more severe on D12 compared with
B6 controls (P ⬍ 0.05 for all trait variables studied).
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p < 0.0001

ence in clinical signs and EAE pathology between B6 and
H3RKO mice during the acute-early phase of the disease,
despite the absence of detectable differences in encephalitogenic
T cell activity and proinf lammatory cytokine production,
pointed to a potential role of H3R at the interface between the
circulation and the brain. We hypothesized that H3R signaling
may play a role in neurogenic control of cerebrovascular tone
and BBB permeability (26, 27). We therefore compared the
integrity of the BBB in B6 and H3RKO mice at various time
points after injection with MOG35–55 plus CFA plus PTX (Fig.
4). Compared with unmanipulated B6 and H3RKO mice, immunized B6 and H3RKO mice exhibited significantly greater
BBB permeability indices. Moreover, the BBB permeability
indices were significantly greater in H3RKO mice compared
with B6 mice (F ⫽ 4.8; P ⫽ 0.002). The rate of change was linear
PNAS 兩 June 12, 2007 兩 vol. 104 兩 no. 24 兩 10147
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Fig. 4. H3R signaling regulates BBB permeability. Compared with unmanipulated controls, immunized B6 and H3RKO mice have significantly greater
BBB permeability indices, with BBB permeability being greater in H3RKO mice
compared with B6 mice (F ⫽ 4.8; P ⫽ 0.002). The rate of change is linear in both
strains (P ⬎ 0.05 for both curves) and is not significantly different between
them (F ⫽ 0.01; P ⫽ 0.93).

in both B6 and H3RKO mice (P ⬎ 0.05) and was not significantly
different between them (F ⫽ 0.01; P ⫽ 0.93).
Hrh3 Is a Candidate Gene for Eae8. Hrh3 is located at 180.03
megabases on telomeric chromosome 2 (www.genome.ucsc.edu)
and is linked to Eae8, an EAE-modifying locus associated with
disease susceptibility and weight loss (24, 28–30). We immunized
congenic mice bearing the Eae8 genetic interval from SJL/J
EAE-susceptible mice on the EAE-resistant B10.S background
(B10.S.SJL-Eae8) and control mice. We have validated that Hrh3
is in the Eae8 congenic interval (Fig. 5). The incidence of EAE
in B10.S.SJL-Eae8 mice was significantly greater than that
observed in B10.S control mice (10/19 vs. 0/9; 2 ⫽ 7.4; P ⫽
0.007). The mean day of disease onset in B10.S.SJL-Eae8 mice
was 13.9 ⫾ 1.0 with a mean peak score of 1.1 ⫾ 0.1. This study
and the fact that H3R is known to regulate body weight (31) make
Hrh3 an attractive candidate for Eae8.

Discussion
MS research is largely driven by two hypotheses (32). The
immune-initiated hypothesis contends that autoreactive T cells
generated in the periphery gain entry to the CNS where they
elicit an inflammatory cascade that results in injury to previously
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Fig. 5. Hrh3 is linked to Eae8. B10.S.SJL-Eae8 mice were generated by
marker-assisted selection using D2Mit147 and D2Mit200. Animals were backcrossed for 10 generations, at which time they were intercrossed and subsequently fixed as a homozygous interval-specific congenic line. The Hrh3 allele
was determined by SNP-based genotyping and sequencing. Mice were immunized with PLP139 –151 plus CFA plus PTX and monitored for 30 days. The
incidence of EAE in B10.S.SJL-Eae8 mice is significantly greater compared with
B10.S/SgMcdJ.
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normal neural tissues. In contrast, the neural-initiated disease
hypothesis proposes that events within the CNS initiate the MS
disease process and that autoimmune responses are secondary.
EAE is often used to model aspects of these essentially conflicting hypotheses. We have investigated the role of H3R in
EAE, and we find that this locus might serve to unite the dueling
theories.
Induction of EAE by active immunization with MOG35–55 and
adjuvants obviously involves a peripheral initiation phase. Two
components of this immunization are CFA and PTX, both of
which are known to increase BBB permeability (33–36) and
cytokine and inflammatory mediator levels within the CNS
rapidly after injection. Specifically, either CFA or PTX can elicit
IL-1␤, TNF-␣, and/or IL-6 production in the CNS within 2 h
after their injection (37–42). The increase in IL-1␤ expression is
associated with widespread changes in neuronal activity, including Cox-2 expression in CNS neurons leading to elevated prostaglandin E2 levels in the CSF (43). In this setting, H3R, which
regulates neurotransmitter release, may serve as a link between
peripheral inflammatory stimuli and neural control of disease.
Our data support the role of an H3R-mediated central component that negatively regulates susceptibility to neuroinflammatory reactions leading to EAE.
The H3R-deficient animals showed early exacerbation of EAE
clinical signs. These results are consistent with the finding that
susceptibility to EAE in mice with a disrupted histidine decarboxylase gene exhibit more severe disease compared with B6
mice (16). Because signaling due to HA can occur through each
of the four HA receptors, the study of individual receptor
knockout mice can reveal the contribution of each receptor to
disease pathogenesis. Moreover, the absence of HA itself (in
the histidine decarboxylase knockout mice) would be expected
to reflect the coordinate action and integration of all of
the EAE-relevant HA-induced signals. Thus, the absence of the
H1R and H2R by themselves leads to a significant reduction in
EAE severity (17, 18), indicating a largely proinflammatory or
disease-promoting role for these two receptors; in contrast, the
absence of the H3R leads to a significant early exacerbation of
clinical signs, suggesting that H3R, when present, is largely
CNS-protective. This protective effect has recently been demonstrated in a rat SC injury model, where the administration of
H3R selective agonist ␣-methylhistamine ameliorated signs of
injury including edema formation and blood SC barrier permeability (44). The EAE-protective nature of H3R, and the mapping of an EAE-modifying locus controlling disease severity and
associated weight loss (Eae8) to the genomic interval containing
Hrh3 (24, 28–30), combined with the known role of H3R in
weight control (31), all provide evidence that Hrh3 is a good
candidate gene for Eae8.
H3R effects on EAE appear to be related in part to neurogenic
control of cerebrovascular tone and in part to unexpected
changes on immune cells of the hematopoietic lineage that do
not themselves express H3R (Fig. 6). We found significant
differences very early in the disease process (D4) in BBB
integrity of MOG-immunized B6 vs. H3R-deficient animals. In
the periphery we saw changes in T cell chemokine/chemokine
receptor expression by D10. These differences are both congruent with the earlier, more severe EAE and inflammatory infiltrates in H3RKO mice. The mechanism whereby the absence of
H3R-mediated presynaptic inhibition of neurotransmitter release leads to increased EAE severity is unknown but is presumably a function of increased postsynaptic activity and neurotransmitter spillover (20).
The neurogenically controlled changes related to cerebrovascular tone, particularly at the level of the neurovascular unit (26,
27), are consistent with an increasing body of evidence in both
EAE (45, 46) and MS (47, 48) that subtle, progressive alterations
in BBB integrity precede the formation of inflammatory lesions.
Teuscher et al.
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Fig. 6. The H3R is located on the presynaptic membranes and cell soma of
histaminergic and nonhistaminergic neurons, where it negatively regulates
the synthesis and release of HA and other neurotransmitters (adapted from
ref. 72). Inhibition of negative regulation of presynaptic H3R activity leads to
earlier and more severe acute EAE associated with increased BBB permeability
and expression of MIP-2, IP-10, and CXCR3 by peripheral CD4 T cells.

These changes are detected in all MS disease subtypes, suggesting that a common abnormality in BBB function exists in the
normal-appearing white matter of MS patients and may be a
predisposing factor in initiating and propagating new inflammatory foci. Importantly, in our studies the H3R-related BBB
effects do not likely derive from T cell activity, because they
appear at D4 after immunization, significantly earlier than the
appearance of inflammatory cells in the CNS. This supports a
role for events predicted by the neural initiated disease hypothesis in the absence of any known infectious process.
A second level of neurogenic control, related to increased
postsynaptic activity and neurotransmitter spillover in H3RKO
mice, may be related to activation of resident hematopoieticderived cells that are located in the brain, such as microglial cells.
There are elaborate interactions between the brain and the
immune systems, and one has only to recall that the hallmark
inf lammatory responses include ‘‘rubor, calor, and dolor’’
(erythema, heat, and pain) (49). We thus propose that the H3R
pathway is a key intermediate in the intersection between brain
and immune interactions.
The role of H3R has both antigen-independent and neuroantigen-specific components that influence brain inflammation. It
has been shown that the increased levels of IL-1␤, TNF␣, and
IL-6 found in the CNS after exposure to CFA and Bordetella
pertussis (37–42) occurs as the result of stimulation of peripheral
nocisponsive nerves (50). These axons transmit signals to their
presynaptic terminals in the SC dorsal horns, and neurotransmitters released here bind to and activate postsynaptic receptors
on pain transmission neurons. In turn, the axons of pain transmission neurons ascend to the brain and carry information about
the noxious stimulus to higher centers. The increase in the
aforementioned cytokines plays a role in contributing to neurogenic and inflammatory pain. Recently, it has been shown that
purinergic transmitter stimulation of microglial cells may also
contribute to neuropathic and inflammatory pain (51), which
can be a major component of most forms of MS including benign
disease (52). With respect to neuroinflammatory responses,
purinergic receptors on microglial cells have been shown to
regulate their activation, chemotaxis, and phagocytic activity
(53, 54). The lack of presynaptic inhibition of neurotransmitter
release by H3R-bearing neurons in the knockout may thus
Teuscher et al.

impact these antigen-independent pathways, thereby leading to
more severe early-acute phase disease. Again, this phase of the
disease process does not depend on effector T cell activity,
because it occurs earlier than activated encephalitogenic T cells
are found in the CNS. However, increased BBB permeability and
earlier activation of microglial cells would presumably lead to
earlier and more numerous T cell-dependent inflammatory foci
within the CNS, which is what we find.
Neuroantigen-specific responses within the CNS may also be
subject to increased postsynaptic activity and neurotransmitter
spillover (Fig. 6). This may be directly at the level of the
infiltrating T cells or indirectly through CNS resident antigenpresenting cells, such as dendritic cells, which have been proposed to be critical for the development and perpetuation of
autoimmunity (55). Pathogenic T cells likely interact with ‘‘dendritic cell-like microglia’’ (56) and/or radiation-sensitive
CD11c⫹ dendritic cells (57, 58) to enter the CNS. Our study of
peritoneal exudate macrophages collected 10 days after immunization revealed no changes in their cytokine synthesis, although an exhaustive survey of monocytes, dendritic cells, and
glia was not conducted.
The absence of H3R is unexpectedly associated with the
expression of a novel set of chemokines/chemokine receptors
(MIP-2, IP-10, and CXCR3) on peripheral T cells. The selective
increase in T cell expression of MIP-2, IP-10, and CXCR3 in
H3RKO mice is concordant with the appearance of earlier and
more severe inflammatory infiltrates in these mice. CXCR3
expression, although not absolutely required for entry into the
CNS, has been reported to mark T cells that are competent to
migrate across the BBB (22).
Moreover, in support of this view, IP-10 is expressed by human
CD8 T cells that react to neuroantigens and recruit CD4 T cells
in MS patients (59, 60). The role of IP-10 expression in T cells
in mouse EAE may mirror that of the human counterpart, given
that B6 mice immunized with MOG35–55 generate encephalitogenic CD8 T cell responses (61–63). Interestingly, in other
inflammatory conditions like oral lichen planus, IP-10 and its
receptor CXCR3 are prominent on infiltrating human CD8 T
cells. This suggests that there is a potential self-recruiting
mechanism involving activated effector cytotoxic T cells (64).
The possibility exists that this pattern of expression is associated
with earlier CD8 T cell responses in H3RKO mice compared
with B6 mice and that H3R signaling, which is also an inhibitory
autoreceptor and heteroreceptor on peripheral neurons (65),
clearly plays a role in regulating peripheral neural–immune cell
interactions (49).
In this regard, it was recently shown that Idd4.1, a diabetes risk
locus in NOD mice, is Trpv1 (transient receptor potential cation
channel, subfamily V, member 1). Trpv1 is a receptor for
capsaicin on nociceptive neurons in dorsal root and trigeminal
ganglia, and capsaicin engagement of Tprv1 expressed on immature dendritic cells leads to their maturation and induction of
antigen-presenting function (66). The diabetes-associated allele
of Idd4.1 was identified as a hypofunctional mutant of Tprv1 that
influences peripheral neuronal control of ␤ cell stress and islet
inflammation in NOD mice via a proinflammatory state (67).
Importantly, H3R stimulation has been shown to prevent capsaicin-induced substance P release from C-fibers (68, 69). By
analogy, in our model H3R (Eae8) presynaptic signaling in the
CNS or in the peripheral nervous system could affect T cell gene
expression. At the level of innervated secondary lymphoid
tissues, increased neurotransmitter release could act directly on
the T cell or indirectly via antigen-presenting cells or other
members of the innate immune system.
In summary, our studies reveal the existence of an H3Rmediated central component in susceptibility to EAE related to
neurogenic control of cerebrovascular tone and expression of
chemokines and chemokine receptors by peripheral T cells. The
PNAS 兩 June 12, 2007 兩 vol. 104 兩 no. 24 兩 10149
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role of H3R expression in response to peripheral inflammatory
stimuli, such as the adjuvants used to elicit EAE, suggests a
functional link between susceptibility to CNS autoimmune disease and neurogenic control of BBB permeability. This pathway
may also be important in MS patients, where subtle changes in
BBB integrity precede inflammatory lesions (47, 48). Pharmacologic targeting of the H3R may therefore be useful in preventing the development and formation of new lesions in MS,
thereby significantly limiting the progression of the disease.
Materials and Methods
Animals. C57BL/6J (B6), B10.S/SgMcdJ (B10.S), and SJL/J mice
were purchased from The Jackson Laboratory (Bar Harbor,
ME). B6.129P2-Hrh3tm1Twl mice (21) (H3RKO), developed at
Johnson and Johnson Pharmaceutical Research and Development
(San Diego, CA), were maintained at the University of Vermont
(Burlington, VT). B10.S.SJL-Eae8 mice were generated by
marker-assisted selection using markers spanning the Eae8
interval (24, 28–30). Animals were backcrossed for a minimum
of 10 generations, at which point they were intercrossed and
subsequently fixed as a homozygous interval-specific congenic
line. All animals were maintained under specific pathogen-free
conditions on a 12:12 light dark cycle and were fed Purina mouse
pellets (Ralston-Purina, St. Louis, MO) and water ad libitum.
Induction and Evaluation of Actively (17, 18, 25) and Passively (70)
Induced EAE. Mice were injected s.c. in the flanks with 0.2 ml of

an emulsion containing 200 g of MOG35–55 or proteolipid
protein 139–151 (PLP139 –151) in saline and an equal volume of
CFA containing 200 g of Mycobacterium tuberculosis H37RA
(Difco, Detroit, MI). On the day of immunization, each mouse
received 100 ng of PTX (List Biological Laboratories, Campbell,
CA) i.v. For induction of passive disease, draining lymph nodes
were harvested 10 days after immunization and the lymphocytes
cultured with 30 g of MOG35–55 and 20 ng of murine rIL-12.
After 4 days, the cells were washed and resuspended in PBS for
transfer by i.v. injection. Recipients also received 100 ng of PTX
immediately after cell transfer and 48 h later. Clinical and
histological assessments were made as previously described (24,
25, 28, 29). Briefly, EAE pathology reflects the overall severity
of the lesions observed, extent and degree of myelin loss and
tissue injury (swollen axon sheathes, swollen axons, and reactive
gliosis), severity of the acute inflammatory response (predominantly neutrophils), and the severity of the chronic inflammatory response (lymphocytes/macrophages).
Generation of Peritoneal Exudate Macrophages (18). Peritoneal ex-

udate cells were collected on D10 by peritoneal lavage 3 days
after the i.p. injection of 1.5 ml of sterile thioglycolate (3%). The
cells were suspended at a concentration of 1 ⫻ 106 macrophages
per milliliter in media, and the nonadherent cells were removed
after 3 h of plating. The adherent peritoneal exudate macrophages (⬎95%) were subsequently cultured for 24 h in media.

and without MOG35–55 and in the presence of 1.0 Ci of
[3H]thymidine during the last 18 h. Cells were harvested onto
glass fiber filters, and thymidine uptake was determined by liquid
scintillation.
Cytokine Assays (17, 18). Mice were immunized for the active
induction of EAE, and spleens were harvested on D10. Singlecell suspensions were prepared, and 4 ⫻ 106 cells per milliliter
were cultured in 24-well culture places in media containing 50
g/ml MOG35–55. Cell culture supernatants were recovered after
72 h and frozen at ⫺70°C until assayed. IL-12, IL-10, IL-6,
TNF-␣, MCP-1, and IFN␥ were detected by cytometric bead
assay (Becton Dickinson Bioscience, San Jose, CA).
For RT-PCR analysis, total RNA was isolated by using the
RNeasy minikit protocol (Qiagen, Valencia, CA) and then
converted to cDNA by using oligo(dT), random hexamers, and
SuperScript RT II enzyme (Invitrogen, Grand Island, NY).
Message levels were quantified by using the ABI 7700 Real-Time
PCR System (Applied Biosystems, Foster City, CA). Amplification was performed in a total volume of 25 l for 40 cycles, and
products were detected by using SYBR Green I dye (Molecular
Probes, Eugene, OR). Samples were run in triplicate, and
relative expression level was determined by normalizing to L32
with the results presented as relative abundance. Primer sequences are provided in SI Table 1.
Cytokine secretion by peritoneal exudate macrophages was
quantified by using the RayBio Mouse Cytokine Array 1 (RayBiotech, Norcross, GA). Cell culture supernatants were collected and assayed as per the manufacturer’s specifications.
Complete medium was used as the negative control in all assays.
The results were normalized, and the data are presented as the
relative abundance with respect to the cytokine/growth factor
being produced in the highest concentration (18).
Assessment of Antibody Responses (17, 18). Anti-MOG35–55 anti-

body levels were determined by indirect ELISA. Dilutions of
mouse sera from MOG35–55-immunized B6 control and H3RKO
mice were incubated in MOG35–55-coated wells, and bound
antibody was detected spectrophotometrically with peroxidaseconjugated anti-mouse Ig, anti-mouse IgG1, and anti-mouse
IgG2a and o-phenylene-diamine as a substrate.
Assessment of BBB Permeability (71). FITC-labeled BSA (50 g/g)
was administered by i.v. injection. Fifteen minutes later, both
cerebrospinal fluid and plasma, prepared by centrifugation of the
blood at 2,500 ⫻ g for 15 min, were diluted in PBS, and the
fluorescence intensity was measured by using a fluorometer with an
excitation wavelength of 497 nm and an emission wavelength of 519
nm. The BBB permeability index was determined by expressing the
ratio of the fluorescence intensity of the cerebrospinal fluid sample
divided by the fluorescence intensity of the plasma.

induction of EAE, and draining lymph nodes and spleens were
harvested on D10. Single-cell suspensions were prepared, and
5 ⫻ 105 cells per well were plated on standard 96-well flatbottom tissue culture plates for 72 h at 37°C and 5% CO2 with
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