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The laboratory rat (Rattus norvegicus) is a key tool for the study of medicine and pharmacology for human health. A
large database of phenotypes for integrated fields such as cardiovascular, neuroscience, and exercise physiology exists
in the literature. However, the molecular characterization of the genetic loci that give rise to variation in these traits
has proven to be difficult. Here we show how one obstacle to progress, the fine-mapping of quantitative trait loci
(QTL), can be overcome by using an outbred population of rats. By use of a genetically heterogeneous stock of rats,
we map a locus contributing to variation in a fear-related measure (two-way active avoidance in the shuttle box) to a
region on chromosome 5 containing nine genes. By establishing a protocol measuring multiple phenotypes including
immunology, neuroinflammation, and hematology, as well as cardiovascular, metabolic, and behavioral traits, we
establish the rat HS as a new resource for the fine-mapping of QTLs contributing to variation in complex traits of

biomedical relevance.

The rat has for long been a favored organism for physiological
and behavioral analyses and is increasingly attracting the atten-
tion of geneticists (Jacob and Kwitek 2002). Over the last century,
a wealth of disease models have been developed, which com-
pared with the mouse have proved easier to analyze at an organ
and cellular level because of the rat’s larger size. Rat models of
cardiovascular disease, inflammatory diseases, and susceptibility
to cancer and toxic substances have been crucial in understand-
ing the biology of common human disorders. The rat has also
been a focus of classical neuroanatomical studies and electro-
physiological slice studies; rat experiments have been critical for
understanding many neurobiological processes, including learn-

8Corresponding author.

E-mail jf@well.ox.ac.uk; fax 44-1865-287501.

Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.081497.108.

ing and memory, and for providing models for the neuropsy-
chology of human behavioral disorders (Weiss and Feldon 2001).

Genetic analyses of experimental crosses have led to the
localization of hundreds of rat quantitative trait loci (QTLs) con-
taining genes that confer susceptibility to the disease models
(Flint et al. 2005). However, as with the study of complex traits in
other model organisms, few complex trait genes per se have been
identified, relative to the number of QTLs. One obstacle to
progress has been the difficulties besetting attempts to refine QTL
intervals, initially identified in inbred strain crosses, to gene-level
resolution. Here we apply a strategy developed in the mouse that
combines the identification and fine-mapping of QTLs in one
population (Mott et al. 2000; Valdar et al. 2006b). The method
exploits recombinants that have accumulated over many genera-
tions of outbreeding in genetically heterogeneous stocks (HS)
that are derived from inbred strains.

Theoretically, an HS makes genome-wide genetic associa-
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tion studies possible, as has been shown in the mouse, where 843
QTLs with an average 95% confidence interval of 2.8 Mb were
identified for 97 phenotypes (Valdar et al. 2006b). However, the
suitability of an HS for the analysis of complex traits depends not
only on its genetic constitution, but also on the quality and
nature of the phenotypes that it can deliver (Solberg et al. 2006).
For an HS to be widely exploited by the rat genetics community,
it needs to be shown that HS phenotypes are commensurate with
those found in standard laboratory strains and, so that the large
genotyping costs incurred in whole genome association are mini-
mized, that multiple phenotypes can be measured on individual
animals. Obtaining multiple phenotypes from each animal raises
problems of interaction between phenotypes (particularly for be-
havioral assays) and potentially limits the amount of informa-
tion that can be obtained.

Here we explore the potential of a rat HS for high-resolution
mapping of multiple quantitative traits. The rat HS (hereafter
NIH-HS) was established in the 1980s in NIH and is descended
from eight inbred progenitors: BN/SsN, MR/N, BUF/N, M520/N,
WN/N, ACI/N, WKY/N, and F344/N (Hansen and Spuhler 1984).
Three strains (MR/N, WN/N, and WKY/N) trace their ancestry to
Wistar stock. Since its creation, the stock has been bred using a
standard outbreeding regime through its fiftieth generation.

Our experiment had two aims: to determine the mapping
resolution obtainable for an average QTL expected to be segre-
gating in the stock, and to determine the stock’s suitability for
whole genome association. To address the first issue, we focused
our analysis on chromosome 5, since we have mapped a locus
controlling fear-related behaviors to this chromosome (Fernandez-
Teruel et al. 2002), in an F2 intercross between the Roman high
avoidance (RHA) and low avoidance (RLA) strains (derived from
the Wistar stock) (Driscoll and Battig 1982). This locus explained
5.7% of the variance in two-way active avoidance in a shuttle
box, an effect size typical of those identified in many crosses
between inbred strains (Flint et al. 2005). To address the second
issue, we developed protocols for mapping multiple phenotypes
in the same animal where laboratories with the necessary exper-
tise for each phenotype were contributing.

Results

We assessed the genetic constitution of the stock using 786
NIH-HS rats. After phenotyping, we selected and genotyped 83
markers on chromosome 5 and 27 markers on chromosome 15
using the rat single nucleotide polymorphism (SNP) database
(Saar et al. 2008). We thus obtained an average intermarker in-
terval of ~350 kilobases. Four markers were monomorphic, con-
sistent with an expected rate of fixation of about 5% (Valdar et al.
2006b).

Figure 1 shows the decay in linkage disequilibrium (LD,
measured as r?), with distance (Mb). We calculated LD taking into
account family relationships (Abecasis et al. 2002). The results
indicate that LD decays to nonsignificant levels within 3 Mb,
consistent with expectations that the rat HS can deliver high-
resolution mapping and in agreement with the data from our
mouse experiment (Valdar et al. 2006b). We found no significant
correlation between markers on different chromosomes.

We mapped variation in the number of shuttle-box avoid-
ances (obtained over 40 trials) using the genotypes on chromo-
some 5. The NIH-HS is a structured population, containing ani-
mals of different degrees of relatedness, so that the significance
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Figure 1. Linkage disequilibrium decay in the NIH-HS rats. The figure
plots the decay in mean r? (R2) on the vertical axis with distance (mega-
bases) on the horizontal axis. The data are from 110 SNP markers on
chromosomes 5 and 15.

threshold cannot be obtained by permuting the relationship be-
tween genotypes and phenotypes (Valdar et al. 2006b). In our
analysis of the HS mice, our solution was to average over multiple
QTL models (Valdar et al. 2006b). In this method, the apparent
association between phenotype and genotype at any one locus is
corrected by the pattern of associations over the rest of the ge-
nome. However, in the rat, HS genotypes were available for only
two chromosomes, so we could not use the remainder of the
genome as we had done previously. Instead, we applied a con-
servative threshold determined by simulating phenotypes that
incorporate sibship correlation structure (see Methods). After ap-
plying this strict threshold, we detected a single QTL estimated to
explain 7.1% of the phenotypic variance (Fig. 2).

We mapped the most likely position of the QTL by nonpara-
metric bootstrapping (Manichaikul et al. 2006). The 95% confi-
dence interval spans from 95.39-106.16 Mb (Fig. 2). Since at this
distance genotype correlation between the flanking markers is
less than 0.1, the effect may arise from more than one genetic
effect, as suggested by the distribution of the bootstrapped peak
positions (Fig. 3).

We next set out to develop protocols for mapping multiple
phenotypes. In collaboration with six European laboratories,
with expertise in different areas of biomedical research, we de-
veloped a continuous battery of assays that started when rats
were 5 wk old with the implantation of a microchip, a blood
sample for hormonal measures, and an ear punch for wound
healing measurements. Thereafter, the rats were subjected to be-
havioral tests, immune cell phenotyping, blood pressure mea-
surements, and a glucose tolerance test and immunized for ex-
perimental autoimmune encephalomyelitis (EAE). The protocol
and the participating laboratories are summarized in Table 1.

For each test, we recorded environmental factors such as
experimenter, time of day, and humidity to enable the study of
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Figure 2. Genetic mapping of shuttle box avoidances on chromosome 5. The solid line shows the strength of association (y-axis) between the
phenotype and the estimated haplotypes at each locus. The x-axis gives the location on chromosome 5 in megabases. The y-axis units are the P-values,
expressed as negative logarithms to the base 10 (i.e., logPs), from the likelihood ratio test of association. A conservative 5% chromosome-wide
significance threshold was calculated by simulation (dashed line) to help interpret these values. The 95% confidence interval of the QTL (93.37-106.16
Mb), determined by positional bootstrapping (see Methods), is shown as a gray bar.

gene by environment interactions (Valdar et al. 2006c). Table 1
gives the order of tests and the age at which they were carried
out. We did not explore the effects of altering the order of tests.
We collected phenotype data for 220 rats and present the results
in Tables 2 and 3. We compared our results with those reported
for the parental strains (hematology, blood pressure, organ and
body weights) (Mashimo et al. 2005) and show in Table 2 that
our findings are compatible with those reported in the literature.
We also measured the immunology phenotypes in three of the
parental strains that we have available (Table 2).

One particular concern was whether the HS rats would be
useful for dissecting organ specific immune-mediated disease be-
cause of the large effect of genes in the MHC region. EAE and MS
are controlled by both multiple sclerosis histocompatibility com-
plex (MHC) and non-MHC genes. The non-MHC influence is
likely to be controlled by many genes, each with small effects
(Olsson et al. 2006), while major genetic effects are dependent on
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Figure 3. Positional bootstraps of the QTL on chromosome 5. The
figure shows the number of times a QTL peak occurred at locations over
a 30-Mb region on chromosome 5. A total of 500 bootstrap samples were
analyzed. The vertical axis shows the percentage of frequency of the peak
positions; the horizontal axis gives the distance in megabases (Mb).

haplotypes of the MHC. This effect is well established in multiple
sclerosis (Olerup and Hillert 1991) and in myelin oligodendrocye
glcoprotein (MOG)-induced EAE (Weissert et al. 1998), and most
previous F2 crosses and experiments in advanced intercross lines
have therefore used strain combinations with differing non-
MHC genes, but identical MHC haplotypes, to increase the power
for detecting non-MHC QTLs (Becanovic et al. 2006).

Non-MHC QTLs are the primary target for the HS studies
since the MHC complex, and in particular the class II genes, are
well characterized and studied by other means. The currently
used HS stock has a variety of different MHC haplotypes that
potentially could lessen the power for detecting non-MHC QTLs.
It was therefore important to perform a pilot study in the HS
stock with the intended EAE model to establish if there was
enough variation in disease outcome depending on non-MHC
genes. If so, the setup could offer advantages in that gene-gene
interactions with a variety of MHC haplotypes potentially can be
unraveled in a large scale experiment.

Table 4 shows our findings and those reported in literature
regarding EAE susceptibility in the NIH-HS founder strains. To
ensure that influence from non-MHC genes could be mapped in
this population, we performed a pilot study of 25 rats to deter-
mine the variance of phenotypes between and within MHC
types. Two homozygous MHC groups could be identified (AV1
and L), while the other group contains MHC heterozygotes. The
large phenotype variation within the various MHC haplotype
groups strongly suggest influence of non-MHC genes that can be
mapped in the NIH-HS, which is why we went ahead and phe-
notyped EAE also in the bigger NIH-HS experiment. The results
are presented in Table 5.

Discussion

We have performed the first genetic study in HS rats, proving the
potential of the NIH-HS to identify and to fine-map QTLs. Pre-
viously, using an F2 intercross, we mapped a QTL to a 40-cM
interval on chromosome 5 that influences behavior in multiple
models of anxiety, including the acquisition of two-way active
avoidance (Fernandez-Teruel et al. 2002). Here we report the
analysis of chromosome 5 in 786 NIH-HS rats for the avoidance
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Table 1. Overview of the high-throughput phenotyping protocol

Phenotype group Test Week Responsible laboratory
Hormonal Serum samples to measure adiponectin and thyroid stimulating 1 Medical psychology, UAB, Barcelona
hormone (TSH)
Behavioral Shuttle box 2 Medical psychology, UAB, Barcelona
Automated novel cage activity 3
Elevated zero maze (an unconditioned test of anxiety) 4
Glucose tolerance Glucose values taken before and at 30, 60, and 120 min after 5 Genetics of metabolic syndrome
intraperitoneal injection of a solution of glucose (a model of and diabetes, WTCHG, Oxford
diabetes)
Cardiovascular Blood pressure measured with a tail cuff 6 BHF Cardiovascular Research
Center, Glasgow University
Heart size (post-mortem)
Hematology Full blood count 7 Psychiatric genetics, WTCHG,
Oxford
Immunology FACScan analysis of white blood cells 7 Medical Inflammation Research, KiI,
Stockholm
Neuroinflammation MOG induced EAE (a model of multiple sclerosis) 7-1 Neuroimmunology, Kl, Stockholm

TNF alpha in serum
Tissue harvest

Blood, thymus, heart, brain, spinal cord, adrenal glands, liver, spleen, 12
kidney, bone, and ears are collected at the time of sacrifice

Neuroimmunology, KI, Stockholm
and Psychiatric genetics, WTCHG,
Oxford

phenotype and the identification of at least one QTL located
between 93.37 and 106.16 Mb, a region containing nine genes,
none of which has been previously shown to influence anxiety-
related behavior.

Our genetic analysis of the rat HS was confined to the analy-
sis of two chromosomes. However, they are likely to be represen-
tative of the genetic structure of other chromosomes for the fol-
lowing reasons. Analysis of the available genotypes from the pro-
genitors of the rat HS structure indicates that there are no large
(>2 Mb) regions without SNPs and no unusually large regions of
LD (Saar et al. 2008). It should be noted that compared with the
mouse, there is less variation in the extent and amount of large
LD and haplotype blocks in the rat genome (Saar et al. 2008). We
have no reason to expect large differences between the progeni-
tor chromosomes.

However, observations made of inbred strains do not neces-
sarily reflect what will be found in crosses derived from them.
Stochastic allele fluctuations may give rise to large regions of LD,
and this cannot be definitely excluded without whole genome
analysis. Nevertheless, the data presented here, together with
data from the mouse HS (Valdar et al. 2006b) and simulations of
the HS breeding scheme (Valdar et al. 2006a), indicate that this is
unlikely. Therefore, we believe that our results are typical of the
rest of the genome and that the NIH-HS can be used for whole
genome association studies.

It should be stressed that our advance depends on the de-
ployment of novel analytical methods. The NIH-HS is a geneti-
cally structured population in which individuals are genetically
related to different degrees. The need to take into account family
structure while fitting multiple QTLs, as well as environmental
and other covariates means that methods developed for whole-
genome analysis of a classical intercross (Ball 2001; Broman and
Speed 2002; Morris et al. 2002; Sillanpaa and Corander 2002) are
not directly applicable: In an HS, more loci are tested than indi-
viduals, so it is not possible to use methods that fit all markers
simultaneously.

A necessary next step for the widespread use of the NIH-HS
is the demonstration that phenotypes in the stock are compa-
rable with those obtained using classical laboratory rats. We have
developed a phenotyping protocol capable of capturing many

aspects of the rat’s behavior and physiology, and we have shown
that the measures we obtain are indeed consistent with those
reported for inbred strains.

In contrast to standard QTL mapping experiments, where
each laboratory maintains, breeds, phenotypes, and genotypes
its own animals, we brought scientists with different phenotyp-
ing skills from different laboratories to a single site where the
animals are bred. This model brings considerable savings, since
each animal provides a considerable amount of information. The
breadth of phenotypic and genotypic information can later be
combined with expression data to provide the basis for a systems
biology approach to complex phenotypes in general.

A current major challenge in biology is to understand how
phenotypes arise from the resulting complex web (Hartwell et al.
1999; Barabasi and Oltvai 2004). Critical to this endeavor is the
collection of sufficiently dense data sets, integrating data from
genetic variants, gene transcription, and cellular components,
and from whole body experiments, to identify networks. The
combined approach to using the NIH-HS rats will provide a sig-
nificant international resource for systems biology applications.

Methods

Animals

The rat NIH-HS used originate from the colony established in the
1980s in NIH (Hansen and Spuhler 1984). Since its creation, the
stock has been bred using a rotational outbreeding regime in
order to minimize the extent of inbreeding, drift, and fixation
(Boucher and Cotterman 1990). The scheme is implemented as
follows: Given a population of 2m individuals, split equally be-
tween the sexes, couples are put into cages labeled 1-m. Cages
labeled are assigned 1'-m’ for the next generation. The female
from cage 1 is mated with the male from cage 2, and their off-
spring are placed in cage 1'. Similarly, the female from cage k is
mated with the male from cage k + 1 (or the male from cage 1 if
k =m) and offspring placed in cage k', and so on for all remain-
ing k. The procedure is repeated for each generation.

Forty breeding pairs of NIH-HS rats were sent from North-
western University (Chicago) and established at the Autonomous
University of Barcelona to generate animals for phenotyping.
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Table 3. Means and standard deviations of behavioral phenotypes in NIH-HS animals and RHA and RLA inbred strains

NIH-HS (n = 20) RHA (n=19) RLA (n=18)

Behavioral test Mean sD Mean sD Mean sD
“Automated novel-cage activity” test

Distance, minutes 0-5 (cm) 1650.21 711.46 1647.18 399.90 1191.13 140.60

Distance, minutes 26-30 (cm) 662.20 683.81 802.10 459.60 466.60 191.30
Elevated “zero-maze”

Latency to enter into an open section (sec) 54.52 82.54 57.16 82.70 90.72 116.30

Time spent in the open sections (sec) 77.76 51.72 63.95 37.10 38.00 32.60

Open section entries 6.49 5.37 6.26 4.70 3.44 3.30

Stretched attend postures 13.13 3.47 8.0 4.50 6.61 3.00

Defecation boluses 2.87 16.34 0.74 0.30 0.22 0.10
Two-way shuttle-box avoidance conditioning

Avoidances 2.60 4.14 25.88 5.50 3.17 3.00

Mean response latency (sec) 14.32 5.56 5.97 1.30 15.93 5.40

Intertrial crossings 17.11 13.44 109.38 57.40 19.25 12.50

Freezing 257.49 46.03 86.60 33.50 263.20 33.10

Subjects used for the chromosome 5 QTL study were 786 N/NIH-
HS rats, approximately half of each sex, which were 3 mo old at
the beginning of the experiments (weight 250-350 g). Two hun-
dred twenty NIH-HS rats were used to establish the high-
throughput phenotyping protocol (125 males and 95 females).
Animals were housed in pairs (males) or three and three (females)
in macrolon cages (50 X 25 X 14 cm) and maintained with food
and tap water available ad libitum, under conditions of con-
trolled temperature (22°C = 2°C) and a 12-h light-dark cycle
(lights on at 0800 h). Experiments were performed during the
light cycle, between 0900 and 1900 h in accordance with the
Spanish legislation on “Protection of Animals Used for Experi-
mental and Other Scientific Purposes” and the European Com-
munities Council Directive (86/609/EEC) on this subject.

Genotyping

Information on polymorphic SNPs was provided through the ef-
fort of the STAR consortium to identify SNPs and haplotypes in
the rat to assist complex trait analysis as part of the EURATools
consortium. SNPs were selected with an algorithm taking into
account the strain distribution pattern to maximize the informa-
tion available for mapping in an HS. DNA was extracted from
tails using a standard proteinase K protocol. Genotyping was per-
formed using the Sequenom MassArray platform according to the
manufacturer’s instructions (www.sequenom.com).

Chromosome 5 scan

We tested the association of the number of avoidances in 40 trials
to variation in estimated haplotype composition along chromo-
some 5 using a combination of hierarchical binomial logistic
regression and the multipoint haplotype reconstruction method
HAPPY (Mott et al. 2000). HAPPY estimates the expected propor-
tion of each founder haplotype between each consecutive pair of
markers (marker interval) in each animal. The effect of haplotype
variation at marker interval m on the number of shuttle-box
avoidances y; of animal i was modeled as an overdispersed bino-
mial such that

y~Binomial(40,p;)
logit(p) = . + BeX; + B W; + B, (M) + &, @
£~N(0,6%)

where p; is the probability of avoidance in any one trial, logit(p;)
is the log odds, x; is the sex of the animal, w; is its weight, g;(m)

is the vector of haplotype proportions estimated by HAPPY for
marker interval m, ¢; is a normally distributed random variate
that accounts for overdispersion (e.g., Gelman and Hill 2007),
and y, B,, B,, B, and o are parameters estimated by the model.
The statistical significance of association is judged by a likelihood
ratio test (LRT) performed at each marker interval in turn that
compares the fit of the above model against that of a model
excluding the genetic term B,,"g;(m). The LRT gives a P-value,
which we report as a logP (i.e., the log to base 10 of the P-value).

Establishing genome-wide significance thresholds parametric
bootstrap from a multilevel model incorporating sibship
covariance

In an F2 cross, the sibship of an animal is statistically indepen-
dent of any polygenic structure because the F1 generation par-
ents are identical across sibships. In an HS intercross line, this is
not the case. Rather, since parents are genetically distinct, the
allocation of alleles to individuals varies by sibship, with the
result that genetic structure and family structure, which incor-

Table 4. Experimental autoimmune encephalomyelitis response in
NIH-HS progenitor strains

EAE response

Strain MHCRT1 MHC Non-MHC
BN/N N MOG susceptible® MOG resistant®<
MR/N D (O) ND ND

BUF/N B SC susceptible® SC resistant®®
M520/N B ND ND

WN/N L MOG resistant? ND

ACI/N AV1 MOG susceptible®9 MOG resistant"9
WKY/N L MOG resistant® MBP resistant”
F344/N Lv1 ND MBP resistant’

MHC indicates major histocompatibility complex; EAE, experimental au-
toimmune encephalomyelitis; MOG, myelin oligodendrocyte glycopro-
tein; SC, spinal cord; MBP, myelin basic protein; and ND, not determined.
aStefferl et al. (1999).

bStorch et al. (1998).

“Becanovic et al. (2006).

dLevine and Wenk (1965).

¢Goldmuntz et al. (1993).

Weissert et al. (1998).

9Dahlman et al. (1999).

hStevens et al. (2002).

iSun et al. (1999).
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Table 5. Range of experimental autoimmune encephalomyelitis
phenotypes within MHC types (in pilot experiment) and in the
NIH-HS rats

MHC type INC ONS MAX DUR CUM
L(n=4) 50% 13-15 0-5 0-26 0-104
AV1 (n=15) 100% 13-18 1-5 12-23 4-99
Other (n=16) 69% 11-23 0-5 0-28 0-110
Mixed (HS animals, n=217) 41% 9-40 0-5 0-20 0-86

Incidence of EAE (INC) is defined as 0 = absent and 1 = present; onset of
EAE (ONS) is defined as the first day that clinical signs are observed;
duration of EAE (DUR) is the number of days with signs of disease; maxi-
mum EAE score (MAX) is the highest score obtained during the experi-
ment; and cumulative EAE score (CUM) is the sum of all scores received
during the experiment.

porate influential locus-generic environmental and biological
factors, are confounded. A conservative approach to establish
significance thresholds is then to allow the null model of no
QTLs to nonetheless incorporate the sibship correlation struc-
ture. We first fit the hierarchical model

y~Binomial(40,p;)
Pi= 1+ BXi + ByW; + Sigiy + &5

2
5-NO,0.2) @)

£~N(0,6°)

where s;; is the effect of the sibship k with animal i as its member
and is a normally distributed random intercept with variance ¢ 2.
We then generate null phenotypes that mimic the observed co-
variate and sibship covariance structure by parametric bootstrap
(Davison and Hinkley 2005) from the fitted model, first drawing
new sibship effects from $,~N(0,6,%), and individual dispersion
effects from £~N(0,6%), and then drawing conditional pheno-
types for each animal i from Y;|S,, &; ~ Binomial(40, logit™"
(fi + BoX; + By W; + Sy + &), where carats denote parameter esti-
mates from fitting the model in Equation 2 to the data. The
single locus model in Equation 1 is then fit to the simulated
phenotypes and the logP from the most significant marker inter-
val recorded. We repeated this 200 times to generate the (null)
distribution of maximum logPs we would expect from genome
scans of a phenotype affected by the observed covariate effects
and sibship covariance structure. A generalized extreme value
distribution (GEV) was fit to these maxima (Valdar et al. 2006b),
and from that fitted distribution, the o = 0.05 upper-tail quantile,
our estimate for the 5% genome-wide significance threshold, was
estimated at logP = 3.6. All models were fit using the statistical
language R (R-Development-Core-Team 2004) and the add-on
packages Ime4 and evd.

Determining positional uncertainty of the mapped QTL

To determine the uncertainty in the location of the mapped QTL,
we used positional bootstrapping (Visscher et al. 1996). Specifi-
cally, we sampled the observed animals with replacement to gen-
erate a nonparametric bootstrap resample of the data set. To each
of 500 of such resampled data sets, we performed chromosome
scans using Equation 1 and recorded the marker interval show-
ing the strongest association to the phenotype. We then used
the distribution of those top marker intervals to characterize the
uncertainty in QTL location, reporting the Mb positions covered
by the central q% of the distribution as the q% confidence in-
terval.

Two-way active, shuttle-box avoidance acquisition

Active avoidance acquisition sessions were performed in three
identical shuttle boxes (Letica Instruments), each one placed in
independent sound-attenuating boxes consisting of two equal-
sized compartments (25 X 25 X 28 cm) connected by an open-
ing (8 X 10 cm). Rats were allowed a 4-min period of familiar-
ization to the box. Immediately after that period, a 40-trial ses-
sion/rat was administered, each trial consisting of a 10-sec CS
(conditioned stimulus; 2400 Hz, 63-dB tone plus a 7-W small
light) followed after termination by a 20-sec US (unconditioned
stimulus; scrambled 0.7-mA foot shock) delivered through the
grid floor. Crossings to the other compartment during the CS
(avoidances) or US (escapes) switched off the stimuli and were
followed by a 60-sec intertrial interval.

Automated novel-cage activity

The apparatus (Panlab) consisted of a horizontal surface (50 x 50
cm) provided with photobeams that detect movement and mea-
sure it automatically, loading the data in a computer. The sub-
jects were placed in transparent Plexiglas cages (40 X 40 X 40
cm). They were situated in a white fluorescent (60 W) illumi-
nated chamber. Spontaneous horizontal activity was measured
for the first 5 min (ACT-DISTS; measure of novelty-induced—
open filed-like—activity) and for the last 5 min (ACT-DIS30; as a
measure of habituated activity) of a 30-min session.

Elevated zero maze

The maze comprised an annular platform (105 cm diameter; 10
cm in width) made of black plywood and elevated to 65 cm above
the ground level. It had two open sections (quadrants) and two
enclosed ones (with walls 40 cm in height). The subject was
placed in an enclosed section facing the wall. The apparatus was
situated in a black testing room, dimly illuminated with red fluo-
rescent light, and the behavior was videotaped and measured
outside the testing room. Latency to enter into an open section,
time spent in the open sections, number of entries in the open
sections, number of stretched attend postures, and number of
defecation boluses were measured for 5 min.

Intraperitoneal glucose tolerance test (IPGTT)

Conscious rats in the post-absorptive state were injected intra-
peritoneally with a solution of glucose (2 g/kg body weight).
Blood samples were collected for glucose reading before glucose
injection and 30, 60, and 120 min afterward by tail tipping.
Blood glucose concentration was determined using a glucose me-
ter (Accucheck, Roche Diagnostics). Cumulative glycemia
(AUC-G) was calculated as the increment of the values of plasma
glucose during the IPGTT. Incremental plasma glucose values
above baseline integrated over 120 min after an injection of glu-
cose were used to calculate the index of glucose tolerance
(DeltaG).

Blood pressure

Systolic blood pressure was measured by tail-cuff plethysmogra-
phy in conscious, restrained animals as previously described
(Evans et al. 1994; Brosnan et al. 2002; Graham et al. 2004).
Briefly, rats were heated to 34°C for 20 min and wrapped in a
cloth, and an inflatable cuff was placed on their tail along with a
piezoceramic transducer (Hartmann and Braun type 2) for pulse
direction. An average of six to eight pressure readings were taken
for each rat per sitting.
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Full blood count

Red blood cells, Hb, hematocrit, white blood cells, and platelets
were counted by an automatic hemocytometer (ADVIA 120 He-
matology analyzer from Bayer, Siemens Diagnostics) from a 350-
pL tail vein blood sample collected in a tube pretreated with the
anticoagulant EDTA-2K (Sangtiesa).

Immunology

Blood samples were collected from the lateral tail vein into hep-
arinized (Heparin LEO, Lovens, 10 units/mL blood) tubes (Ep-
pendorf Safe-Lock microcentrifuge tubes) and further stained in
duplicates with FITC-, PE, PerCP, or biotinylated antibodies to
aBTCR (R73), CD4 (OX35), CD8a (0X8), CD25 (0X39), CD28
(JJ319), RT1.B (rat MHC class II, OX6), RT1.A (rat MHC class 1,
0X18), CD45R/A (B cell-specific isoform, OX33), CD45 (leuko-
cyte common antigen, OX1), and neutrophilic granulocytes
(His48) using 20 pLwhole blood per sample (all antibodies were
purchased from Pharmingen, except OX33, which was purchased
from BioLegend). Streptavidin-APC (Pharmingen) was used as a
secondary reagent. All incubations were performed at 4°C for
20 min in the dark). After antibody incubation, red blood
cells were lyzed using 0.84% NH,CI (0.01M Tris-HCI, 0.01%
NaNj; at pH 7.4) and leukocytes were fixed overnight at 4°C on an
orbital rotator at 300 rpm using 2% paraformaldehyde (PFA,
Sigma-Aldrich) in PBS-D (Dulbecco’s phosphate buffered saline;
GIBCO) supplemented with 0.5% bovine serum albumin (Sigma
Aldrich). One hundred thousand total cells were acquired on a
FACScan (Becton Dickinson), with gates set to include all viable
cells to be further analyzed using Flowjo 2.1 software (Tree Star Inc.)

Induction and clinical evaluation of experimental autoimmune
encephalomyelitis (EAE)

Recombinant rat MOG (rMOG), amino acids 1-125 from the N
terminus, was expressed in Escherichia coli and purified to homo-
geneity by metal chelate affinity chromatography (Amor et al.
1994) and ion exchange chromatography. Rats were anesthetized
with isoflurane (Servicios Genéticos Porcinos) and immunized
subcutaneously in the dorsal tail base with 200 pL inoculum
containing tMOG (females 50 pg and males 120 pg) in phosphate
buffered-saline (PBS; Life Technologies) emulsified 1:1 with
Freund’s adjuvant (Sigma-Aldrich) containing 200 nug Mycobac-
terium tuberculosis (H37 RA, Sigma).

Signs of EAE and body weight were monitored daily from
day 8 until day 28 post-immunization (p.i.), after which the ani-
mals were euthanized by sanguination under anesthesia. The
scale for EAE scoring was as follows: O = healthy; 1 = tail weak-
ness or tail paralysis; 2 = hind leg paresis or hemiparesis; 3 = hind
leg paralysis or hemiparalysis; 4 = tetraplegy, urinary, and/or fe-
cal incontinence; and 5 = death. If severe disease (score 4) was
observed for two consecutive days, the rats were sacrificed due to
ethical reasons.

The following clinical parameters were assessed: Incidence
of EAE (INC) was defined as O = absent and 1 = present; onset
of EAE (ONS) was defined as the first day that clinical signs
were observed; duration of EAE (DUR) was the number of
days with signs of disease; maximum EAE score (MAX) was the
highest score obtained during the experiment; and cumulative
EAE score (CUM) was the sum of all scores received during the
experiment.

Tissue dissection of HS rats

Twenty-eight days after immunization and of clinical scoring for
EAE symptoms, the rats were euthanized by sanguination under

isofluorane anesthesia. The thyroid gland was carefully dissected
out and the heart. Thereafter the ears, brain, and spinal cord were
dissected in parallel with spleen, liver, adrenal glands, kidneys,
and bones. Tissue was either snap frozen in liquid nitrogen or
kept in RNAlater. Blood was incubated for 6 h at room tempera-
ture and kept at 4°C overnight and spun at 2000 rpm for 20 min,
and sera was aliquoted and kept at —80°C until use. Tissues were
sent to each laboratory responsible for investigating the pheno-
type of interest.
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