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Chromosomal Linkage Associated with Disease Severity
in the Hydrocephalic H-Tx Rat

Hazel C. Jones,'” Barbara J. Carter,! Jamie S. Depelteau,! Michelle Roman,’

and Laurence Morel*

INTRODUCTION

Infantile hydrocephalus results in neurological deficits despite surgical treatment. Fetal-onset
hydrocephalus in humans can be caused by developmental abnormalities that are genetic in ori-
gin. The I-Tx rat has hydrocephalus with 40% penetrance and a polygenic inheritance. A back-
cross with Fisher F344 inbred strain produced a total of 1500 progeny with 17.5% hydrocephalus.
Of these, only 12.3% had overt disease and the remaining 5.2% had mild disease seen only after
fixation of the brain. Discase severity was measured for all affected rats using the ratio of ven-
tricie to brain width. The severity measure confirmed that there are two populations, mild hy-
drocephalus (M; ratio, <<0.4) and severe hydrocephalus (5; ratio, >>0.4), with a small overlap.
For genotyping, the two populations were each subdivided based on the ratio measure to give a
total of four groups of increasing severity. After an initial genome scan with microsatellite mark-
ers, all hydrocephalic rats and a subset of 128 normal progeny were genotyped on chromo-
somes 4, 9, 10, 11, 17 and 19. Rats in the mildest group had association with a locus
on chromosome 4 (LOD 2.4), whereas those in the severest group were associated with a locus
on chromosome 17 (LOD 3.2). All except the least affected group were associated with a het-
erozygous genolype on chromosomes 10 and 11 {LOD 4.5 and 3.5, respectively). Chromosomes
9 and 19 had weak linkage to hydrocephalus. The number of hydrocephalus-associated loci car-
ried by ¢ach rat correlated with the scverity of disease. It is concluded that the severity of hy-
drocephalus in H-Tx is influenced by different genetic loci.

KEY WORDS: Infantile hydrocephalus; H-Tx rat strain; genetic loci; disease severity.

CSF shunt device is the normal treatment for hydre-
cephalus. Shunt treatment alleviates the condition but

Infantile hydrocephalus is a condition that occurs at a
rate of 0.5-1.5 per 1000 births. It can be defined as an
increase in cerebrospinal fluid (CSF) leading to expan-
sion of the cerebral ventricles. Hydrocephalus is associ-
ated with brain damage leading to mental and physical
disability (Laurence and Coates, 1962). Insertion of a
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is not curative. Children with hydrocephalus have a va-
riety of neurobehavioural deficits and low nonverbal
1Q scores (Dennis ef al., 1981; Fleicher ef al., 1992;
Brookshire et al., 1995).

Hydrocephalus has a varied etiology. It may be
acquired in the perinatal period through a number of
different causes, such as periventricular hemorrhage
and meningitis. Infantile hydrocephalus also has a her-
itable component (Lorber, 1984; Varadi et al., 1988)
and a number of familial forms have been reported
(Barros-Nunes and Rivas, 1993; Zlotogora ef al.,
1994). There are a number of rodent models with in-
herited hydrocephalus (Gruneberg, 1943a; Borit and
Sidman, 1972; Sasaki et al,, 1983; D’Amato ¢! al.,
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1986: Jones et al., 1987; Takeuchi et al., 1987, 1988;
Bruni er al., 1988; Peres-Figares et al., 1998). Only
one of these has been characterized at the molecular
level (Gruneberg, 1943b; Kume et al., 1998). Many ro-
dent models have abnormalities of the cerebral aque-
duct (Sasaki et al., 1983; D’amato et al., 1986; Jones
et al., 1987; Takeuchi ef al., 1987, 1988), as has the
H-Tx rat, the subject of this investigation (Jones and
Bucknall, 1988).

The H-Tx strain, first described in 1981 (Kohn
et al., 1981), originated from an institutional colony
of unknown origin and has prenatal hydrocephalus
associated with obstruction of the cerebral aqueduct
(Jones and Bucknall, 1988). Behavioral testing of se-
verely affected rats at 22 days of age with the Mor-
ris water maze has shown that learning deficits exist
that are not fully reversed by prior shunt operations
(Jones et al., 1995). Other studies have also detected
learning deficits (Miyazawa et al., 1997), some of
which are improved with shunt treatment (Suda et al.,
1994).

From analysis of the strain breeding character-
istics and from test crosses, we determined that the
H-Tx colony is likely homozygous for hydrocephalus
loci and the inheritance appears to be mediated by sev-
eral genes (Jones et al., 2000, 2001). The colony at the
University of Florida has been maintained chiefly by
brother—sister mating for 22 generations. The hydro-
cephalus is expressed with an overall penetrance of
40%, although the frequency is variable between mat-
ing pairs and between successive litters. Most cases are
severe, such that affected animals die at 4-6 weeks of
age. A few rats appear to develop mild ventricular
dilatation with a longer survival time. In colonies of
this strain maintained elsewhere, two distinct forms
have been documented. One is the severe form, simi-
lar to that found by us, and the other a mild or com-
pensating form that is less frequent (Kiefer er al.,
1998). In one study, 12% of the pups identified with a
domed head survived for 2 months and 5% survived to
6 months of age (Miyazawa et al., 1997), and in an-
other 2 of 41 hydrocephalic pups survived for more than
80 days (Kohn et al., 1981). This suggests that genetic
factors modify the severity of expression.

To identify genomic regions associated with hy-
drocephalus in the H-Tx rat, we performed a linkage
analysis on the severely hydrocephalic progeny from a
backcross using Fisher (F344) rats as the normal strain
(Jones et al., 2001). This study identified regions on
chromosome (Chr) 11 with significant linkage and re-
gions on Chrs 9, 17, and 19 with suggestive linkage to
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hydrocephalus. Among the BC, progeny, in addition to
the 12.3% with severe hydrocephalus already reported,
a further 5.2% had a mild form. In this report, we ob-
tained a measure of hydrocephalus severity for all the
severely and mildly hydrocephalic progeny and per-
formed a linkage analysis according to severity. The
hypothesis tested was that different genetic loci will
determine the severity of hydrocephalus in H-Tx. In
addition, we report a further chromosomal region on
Chr 10 with significant linkage that was not detected
in the previous study.

MATERIALS AND METHODS
Animals

For all experiments, the Principles of Laboratory
Animal Care (NIH publication No. 86-23, revised
1985) were followed and the protocols were approved
by the University of Florida Animal Care and Use Com-
mittee. H-Tx rats bred at the University of Florida are
conventionally housed rats that originated from one of
several inbred pairs provided in 1992 by D. F. Kohn,
Columbia University, New York. New born pups are
inspected for outward manifestation of hydrocephalus
within 24 h of birth. Litters are examined again at
7-10 days, at which time both sex and overt phenotype
are recorded. Fisher (F344) inbred rats were purchased
from Harlan Sprague-Dawley.

Backcross Experiment

Normal F, progeny genecrated from reciprocal
H-Tx and F344 matings (17 males and 21 females) were
backcrossed to H-Tx rats in both directions. From these
matings 1500 backcross progeny (BC,) were obtained.
All BC, rats were deeply anesthetized with pentobar-
bital (60mg/kg i.p.) between 2 and 22 days of age. Liver
tissue was removed for freezing and the brains were
fixed by intravascular perfusion with 4% paraformalde-
hyde in phosphate buffer. The brains were excised and
sliced in the coronal plane at 1-mm thickness and the

slices examined with a binocular microscope.

Phenotypic Analysis

The cerebral ventricles are very small in normal
rats and not visible on 1-mm slices. All rats with visi-
ble ventricles, however small, were classed as hydro-
cephalic. For these, the number of slices with visible
ventricles was counted. The slice at the level of the
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striatum and anterior commissure was selected for
measurement (Fig. 1). Using a digital camera (Pixera)
and imaging software (Image-Pro, Media Cybernet-
ics), the external diameter of the brain and the diam-
eter of the ventricles were measured at the widest
point, and the ratio of ventricles to brain was calcu-
lated (Miyazawa et al., 1997). The rats were ordered
according to increasing ratio, which was defined as
severity and subdivided into four groups (see Results).

DNA Extraction, Amplification, and Analysis

DNA was extracted from frozen liver tissue by
standard procedures and amplified using microsatel-
lite markers (Research Genetics) that were polymor-
phic between the H-Tx and the F344 strains (Jones
et al., 2001). Amplification was performed in 19-pl
reaction volumes containing 100 ng of DNA, 63 pmol
each of dNTPs, 0.17 pmol of SSLP primers, 0.75 U
of Taq DNA polymerase (Sigma) in a PCR buffer con-
taining 1.5 mM MgCl, using a thermocycler (PCR
Express, Hybaid). The thermocycling protocol was
94.0°C for 2 min, 34 cycles at 94.0°C for 30 s,
50-65°C for 30 s, and 72°C for 45 s, followed by 72°C
for 2 min and 25°C for 2 min. The products were sep-
arated by electrophoresis on 5% agarose gels stained
with ethidium bromide and photographed with UV illu-
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mination and a digital camera. Size differences of 10 base
pairs or more are resolved by this method. Parental
DNA was also tested in the PCR reactions to provide
confirmation that the parental rats were each homo-
zygous for the markers but different between the two
strains. The genotypes of the BC, progeny were scored
as H-Tx homozygous if there was one allele or as het-
erozygous for H-Tx and F344 when two alleles were
present.

Genotyping Strategy

Previously, 185 severely hydrocephalic rats were
identified from the number of brain slices with dilated
ventricles (six or more). These and 128 control rats
were genotyped with 110 microsatellite markers with
83% coverage of the rat genome. For this study, a sub-
set of these markers (one or two per chromosome with
even distribution) was used to genotype the remaining
79 rats with mild hydrocephalus, identified as having
up to four slices with dilated ventricles. For Chrs 9,
11, 17, and 19, where possible linkage was identified
in the previous study (Jones ef al., 2001), all informa-
tive markers were used. In addition, all hydrocephalic
and 128 control rats were genotyped with four mark-
ers on chromosome 4 and with six markers on Chr 10
(Table 1).

Fig. 1. Photographs of brain slices from two rats at 13 days of age. (A) A severely hydrocephalic rat in group S2 that had 11 slices with di-
lated ventricles. (B) A rat with mild hydrocephalus with two slices dilated ventricles and a ratio that placed it in group M2. In B ventricular

measurement was taken from the sum of the left and right ventricles.
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Table I. Genotype Data for Selected Hydrocephalic Groups and a Subset of Control Rats

Hydrocephalic group(s)® Control (n = 128)¢
Chr Locus® Position® Hom Het Hom Het X p LOD*
4 M1 (n = 35)
D4Rar2 0.0 24 11 57 70 5.25 022
D4Ratl66 37.4/ 25 9 60 67 6.42 011
D4Ratl41 72.5/87.9 28 6 68 60 8.33 004 24
D4Rat72 102.2/ 18 16 70 58 ns
9 M1 + M2 + §1 + 52 (n = 260)
D9Rar88 5.9/1.1 125 134 61 65 ns
D9Ratl3 45.5/42.3 152 107 56 68 5.65 017 2.1
D9Rat100 63.6/72.3 162 99 59 67 7.45 006
D9Rat2 79.5/ 162 97 59 67 7.94 005 2.1
D9Ratl 79.5/87.2 162 94 60 66 7.89 005
10 M2 + S1 + S2 (n = 225)
DIORat37 34.0/31.6 100 123 74 53 5.31 021
DIORati33 46.6/52.7 106 118 68 59 ns
DIORati53 511/ 98 125 71 57 3.88 049
DI0Ratl3 73.4/76.9 78 148 70 58 12.85 <001
DI0Ratl35 94.1/ 70 155 70 58 17.98 <.001
DI0ORat2 93.9/ 69 153 70 57 18.49 <.001 4.5
11 M2 + S1 + 52 (n = 225)
DI11Rat28 2.5/14.5 97 128 62 65 ns
DI1Rat73 8.2/ 97 129 64 64 ns
D1 I1Rat68 18.5/ 96 130 63 63 ns
DI1Rar6 19.5/ 98 128 60 67 ns
DI1Rat93 29.8/48.5 87 138 68 60 6.35 012
D4Ratl78 35.8/53.9 85 140 73 54 11.95 <.001
DI11Rar46 36.5/ 82 144 72 55 12.954 <001 35
D11Rat9] 35.8/56.2 80 145 71 53 14.468 <.001
DI1Rat89 38.3/57.2 82 142 71 57 11.04 <.001
17 852 (n=92)
DI7Ratll3 11.7/ 58 34 65 61 ns
DI17Rat59 13.9/20.0 53 39 60 67 ns
DIRar83 21.8/27.8 58 i3 68 60 ns
DI17Mit4 28.7/ 68 23 61 65 14.1 <.001 3.2
DI7Ratl51 32.7 68 24 65 62 10.63 <.001
DI17Rat127 34.9/ 65 27 67 59 6.09 014
DI7Rat42 40.3/ 64 28 66 62 6.45 011
DI17Ratl30 40.9/ 63 27 67 60 5.82 016
DI17Rat65 47.6/ 65 27 62 65 9.56 002 23
Di7Ratl54 47.5/ 65 27 61 64 9.52 002
19 S1 + S2 (n = 186)
DI9Rat28 2.2/0.0 50 73 26 34 ns
DI9Rati2 20.3/21.2 80 105 65 62 ns
DI9Rat9 29.5/ 80 106 77 50 B.B6 003
DI19Rat90 133.5 79 105 78 50 9.08 003 20

¢ Loci in boldface type are those with peak linkage and used to construct Fig. 4.

b SSLP marker position (Whitehead Institute/MIT Center for Genome Research rat mapping project, release 8).
¢ Hydrocephalic groups M1, M2, S1, and S2, are variously grouped depending on chromosome.

4 Control rats (n = 128) are subset of the total nonhydrocephalic BC, progeny (n = 1237).

“ LOD score calculated by MAPMAKER/QTL.
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Data Analysis

Validation of the ventricle-to-brain ratio as a
severity measure was performed using linear regression
analysis. Chi-square was used to test for linkage be-
tween phenotype and genotype within the severity
groups and contingency chi-square was used to test for
differences between groups. The genotyped data were
analyzed with MAPMAKER computer programs (Lan-
der ef al., 1987). This is a statistical package developed
to map genes controlling quantitative traits in experi-
mental crosses. MAPMAKER/EXP was used to calcu-
late genetic distances for all the markers in a linkage
group using the maximum-likelihood map for each
chromosome and an automatic error detection function
1o remove potential genotyping errors. The maximum-
likelihood maps were then analyzed with MAP-
MAKER/QTL, which performs interval mapping and
calculates a LOD score (log likelihood of the odds) and
the percentage of the variance explai ned for each locus
with significant linkage. MAPMAKER was also used
to draw LOD score graphs.

Linear regression was used to test the relation be-
tween ventricle-to-brain ratio and the chi-square test
was used to compare the number of hydrocephalus-
susceptibility alleles between groups.

RESULTS
Analysis of Phenotype

The ventricle:brain ralio ranged from (.04 in the
least affected rat to 0.83 in the most severely affected rat
(Fig. 1). Four rats were omitted from the data analysis
because the brains became damaged in preparation of the
slices. For logistical reasons, it was not possible to pre-
pare the brains using pups all at the same age. Hence,
it was important to determine whether the severity ratio
was affected by age. Linear regression analysis demon-
strated that there was no significant correlation between
ratio and age (Fig. 2A), and thus no correction was
required for variation in age at fixation (2-22 days
of age). On the other hand, there was as expected, a
positive correlation between ratio and external brain
dimension, between catio and ventricle dimension
(Fig. 2B), and between ratio and number of slices with
dilated ventricles (p << .001 for all three correlations).

A distribution plot of frequency against ratio (Fig. 3)
indicates that there are two partially overlapping pop-
ulations of hydrocephalic rats: those with mild ven-
tricular dilatation (ratio, 0.04-0.40; n = 74) and those
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Fig. 2. Regression plot of (A) age against severity (ventricle:brain
ratio) and (B) ventricle diameter against ratio. The slope is not sig-
nificant from zero in A, showing that severity is independent of age.
In B, thete is a significant gradient (7 < .001) showing that ventri-
cle diameter is lincarly related to severity ratio.

with severe hydrocephalus {ratio, 0.41-0.83; n = 1806).
The original classification of mild or severe hydro-
cephalus was based on whether or not there was clin-
ically overt hydrocephalus before sacrifice and on the
number of slices dilated after fixation. After mea-
surement of the ventricle-to-brain ratio, this was re-
vised for five rats. Three originally designated severe
had a ratio in the mild category and wo originally
mild rats had ratios in the severe group. For genotype
analysis, the rats were subdivided according to ratio
as follows—0.40-0.20, 0.21-0.40, 0.41-0.60, and
0.61-0.83—to give four groups overall, corresponding
to groups M1 (n = 35); M2 (n = 39); Si(n = 94))
§2 (n = 92); respectively.
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Fig. 3. Distribution plot of numbers of rats against severity a5 mea-
sured by the ventricle-to-brain ratio. There appear to be twa popu-
lations, one with a severity ratio <0.4 {mild hydrocephalus) and an-
ather with a severity ratio >0.4 (severe hydrocephatus), with very
little averlap between the two. The subpopulations used for geno-
type analysis are designated M1, M2, S1, and 82,

Association with Sex

The percentage of male hydrocephalic pups was
60, 54, 64, and 61 for the M1, M2, §1, and S2 groups,
respectively. This was not significant for the two mild
groups (n = 74), but there were significantly more males
in the two severe groups (x* = 5.91, p < .05; n = 186).
For normal progeny the percentage of males was 43.
Because there was no significant linkage to the X chro-
mosome, the abnormal sex ratio may be an environ-
mental effect (Jones et al., 2001).

Linkage Analysis

As reported previously (Jones et al,, 2001), hy-
drocephalus was associated with homozygosity for the
H-Tx alteles on Chrs 9 and 17. However, on Chrs |1
and 19 hydrocephalus was associated with heterozy-
gosity, that is, hydrocephalus is more likely to occur in
animals that have both an H-Tx and an F344 allele. In
this analysis a third heterozygous locus was detected
on Chr 10. In addition, a homozygous locus with sug-
gestive linkage was detected on Chr 4. The genotype
data for selected groups of hydrocephalic rats, together
with a subset of 128 control rats, were analyzed sepa-
rately for each group, using all informative markers on
Chrs 4, 9,10, 11, 17, and 19 (Table I). The marker with
the highest significance level on each chromosome was
selected for histogram plots of the ratio of susceptibil-
ity alleles for each severity group (Fig. 4). The sever-
ity groups that had allele ratios significantly different
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Fig. 4. Histograms of the allele ratios at the peak markers,
hompzygous:heterozygous for Chrs 4, 9, and 17 and the reverse,
heterozygous:homozygous for Chrs 10, 11, and 19, for five groups
of rats, M|, M2, §1, 2, and control {con), n = 34, 39, 94, 92, and
128, respectively. (1) M1 sigrificantly different from con, p < 004,
(2) M1 significantly different from M2, p < .033; (3) all four groups
significantly differemt frem con, p < .005; {4, 5) M2 + 5] + §2
group significantly different from con, p < .002; (6) 82 group sig-
nificantly different from con, p < .001: {7} 52 significantly differ-
ent from 81, p < .023; (8) SL + S2 significanty different from ¢on,
p < .003; (9) 52 significantly different from con, p < .02, LOD score
graphs were plotied for each of the following hydrocephalic group
combinations: 1, 3, 4, 5, 6, and & versus control.

from those of control rats were selected for further
analysis with MAPMAKER/QTL. For Chr 4, only the
M1 group had a ratio that was significantly different
from control {(p < .004) and the LOD score was 2.4
mapping between marker D4Rat!66 and marker
D4Ratl41 (Table I, Fig. 5). This is suggestive linkage
only for this small subset of BC, progeny with mild
hydrocephalus. On Chr 9, all four severity groups were
significantly different from control rats (p < .005)
{Fig. 4) and were combined for a LOD score analysis.
There was suggestive linkage (LOD = 2.1} that
mapped between D9Rari3 and D9Rat100 and there was
also another suggestive locus (LOD = 2.1) between
D9Rai100 and D9Rat2 (Table 1, Fig. 5). The first peak
was not detected in our previous study in which only
severe rats were genotyped (Jones er al, 2001). For
Chrs 10 and t1, the severity groups M2, S1, and S2
were combined for analysis since they were signifi-
cantly different from the control group (p < .002);
whereas group M1 was similar to control rats (Fig. 4).
The peak LOD scores were 4.5 at DI/0Rat2 and 3.5 at
D1iIRat46 (Table I, Fig. 5). Both loci are at the telom-
eric ends and are fully significant (Lander and
Kruglyak, 1995). For Chr 17, only the most severely
affected rats were significantly different from contrals
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fecent from the control as shown in Fig. 4.
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(p < .001) (Fig. 4), and the peak LOD score was 3.2,
which is very close to full significance, mapped to
DI17Mit4. There was also suggestive linkage (LOD =
2.3) at the end of the chromosome at D/7Rat65 (Table
I, Fig. 5). On Chr 19, only the two severe groups, par-
ticularly S2, were significantly different from control
rats (p < .003) (Fig. 4), whereas the rats with mild dis-
ease were not different from control animals. There was
suggestive linkage for severe hydrocephalus (LOD =
2.0) near DI9Rat90 at the telomeric end of the chro-
mosome (Table I, Fig. 5). Looking at individual loci
(Figs. 4 and 5), it is clear that the two extremes for hy-
drocephalus are associated with Chr 4, which is im-
portant only for mildly affected rats, and Chr 17, which
is important only for the most severe condition.

Multilocus Susceptibility for Hydrocephalus

The number of susceptibility alleles was exam-
ined for each rat using the six peak loci that were
used to construct Fig. 4. Linear regression analysis
of ventricle-to-brain ratio against number of suscepti-
bility alleles for all affected progeny showed a small
but significant slope (p < .05; not illustrated). This in-
dicates that the severity of hydrocephalus is associated
with an increasing number of susceptibility loci. The
percentage of rats with each number of alleles was cal-
culated for the mild (M1 + M2) hydrocephalus group,
for the severe group (S1 + S2), and for the control
group (Fig. 6). There was no hydrocephalic rat with
none of the six susceptibility alleles and there was no
control rat that had all six alleles. The highest percent-
age for the mild group was three and four alleles (31%),
with a steep decline in numbers for five and six alleles
(12 and 1.5%, respectively). The severe group also had
the highest percentage with three and four alleles
(26%), but in addition, there were more rats with five
and six alleles (24 and 5.6%, respectively) than in the
mild group. The control group, on the other hand, had
most rats in the two allele category (33%), with a steady
decline above two alleles to zero at six alleles. Both
hydrocephalic groups, M1 + M2 and S1 + S2, have
curves that are shifted to the right compared to that of
the control group and the curve for the severe group is
more right-shifted that that for the mild group (Fig. 6).

DISCUSSION

In a previous report we determined that severe hy-
drocephalus in H-Tx rats is associated with a locus on
Chr 11 and possibly with three more loci on Chrs 9, 17,
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Fig. 6. The percentage of rats from the mild, severe, and control
groups plotted against the number of susceptibility alleles calculated
for each rat. There were no hydrocephalic rats with zero alleles and
there were no control rats with all six alleles, although there is con-
siderable overlap of the graphs. For the control rats (con), the largest
percentages were in the two and three allele categories. For the mild
group (M1 + M2), the largest percentage relative to the severe group
(S1 + S2) was for rats with two, three, and four alleles. For the se-
vere group, the largest percentage relative to the mild and control
groups was for rats with five and six alleles as shown by a shift in
the graph to the right. (1) Control significantly different from M1 +
M2, p < .01, and from S1 + S2, p < .05; (2) control significantly
larger than S1 + 82, p < .001; (3) control significantly less than
Ml + M2, p < .05; (4) S1 + S2 significantly greater than control,
p < .001, and greater than M1 + M2, p < 0.01; (5) S1 + 52 sig-
nificantly greater than the other two groups, p < .05.

and 19 (Jones et al., 2001). Extension of the earlier map-
ping has now revealed an additional locus on Chr 10. In
addition, there was a second group of individuals that
had a mild form of hydrocephalus which was not in-
cluded in the previous study. Designation of these ani-
mals as mild or severe was previously based on overt
appearance and on the number of brain slices showing
dilated ventricles after fixation. For the present study, a
more precise measure of severity, based on the ratio of
ventricle width to brain width, was obtained for all ani-
mals with dilated ventricles. This demonstrated that there
was a continuous scale ranging from the mildest to the
most severe and, also, that there appear to be two pop-
ulations that correspond largely to the two original clas-
sifications, with a small overlap between them. Since the
brains were not all removed at the same age, the ques-
tion was addressed whether the younger rats would have
more severe hydrocephalus if sacrificed at an older age.
Although we cannot provide a direct answer, there is ev-
idence from the regression analysis (Fig. 2A), which
showed no significant increase in severity with age, and
some of the youngest pups had ratios that placed them
in the severe group. However, it is not possible to pre-
dict how many of these progeny would have survived
beyond the 4-6 weeks, reported for severely hydro-
cephalic rats (Kohn er al, 1981; Jones and Bucknall,
1988; Wada, 1988).
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Hydrocephalus has not been reported for the
arental F344 strain, and exarnination of the brains from
32 individuals has confirmed that it is a nonhydro-
sephalic strain (Jones et al., unpublished observations}.
Test crosses between F344 and H-Tx did not produce
any Fy rats with hydrocephalus. However, a test cross
petween H-Tx and LEW inbred rats did produce a smali
percentage of hydrocephalic pups, showing that the trait
can be dominant under some conditions (Jones et al.,
1000). F344 was selected for the backcross on the basis
of the F| phenotype.

In our H-Tx parental rats used for the backcross,
the incidence of severe hydrocephalus was 40%, but
these rats were not examined for mild disease which
appeared to be rare. However, mild dilatation has been
observed by others in H-Tx at a frequency of about 5%
of all hydrocephalic offspring (Kohn et al., 1981;
Wada, 1988; Miyazawa es al., 1997). In this backcross,
the frequency of severe hydrocephalus was 12% and an
additional 5%, or 30% of all affected animals, had mild
disease. Hence, genetic influences from the normal
strain have reduced the frequency of severely affected
tats and, also, altered the relative frequency of the two
forms.

The genotyping results produced a number of in-
teresting features. The significant association of the
least hydrocephalic rats with a focus on Chr 4, which
was not present in any other group including control
rats, was a surprise. The LOD (2.4) was only suggestive
bul there were only 34 rats in this group. In contrast, the
locus observed previously associated with Chr 17 was
very significant for the most severe rats, with almost no
effect for any other group. The LOD for the peak locus
on Che 17 was 3.2, showing that by selecting for the
most severe animals (82), the score increased from that
obtained previously for all severely affected rats (LOD
2.4) (Jones er @l., 2001). The same S2 group also showed
a second possible locus on Chr 17 at the telomeric end
(LGD 2.3) which had not been observed in our previ-
ous study. Clearly, the peak locus on Chr 17 is impor-
tant for severe ventricular dilatation. Chromosome 11
was previously shown to have a hydrocephalus locus
associated with heterozygosity (Jones et al., 2001). In
this study, the heterozygosily was associated with all
hydrocephalic groups except the least affected, M1.
The LOD increased from 3.1 previously to 3.5 when
M2, 81, and S2 were analyzed together. Hence, the
addition of M2 rats increased the significance for a
hydrocephalus-associated allele on Chr 11. However,
ll?c highest LOD score (4.5) was obtained for the newly
discovered locus on Chr 10 with hydrocephatus also

associated with heterozygosity. Two remaining loci that
have suggestive linkage are on Chr 9, where there is a
similar level of significance for all severity groups, and
on Chr 19, a heterozygous locus that is associated with
severe hydrocephalus only. Altogether, the identified
loci account for about 20% of the variance, This appears
to be low for a trait that is strongly inherited.

In addition to the heritable component, there is ev-
idence for environmental and maternal influences in the
H-Tx strain. It was reported previously that the fre-
quency of overt hydrocephalus is lower in the first litter
than in subsequent litters, suggesting a maternal effect
that has yet to be investigated (Jones et al., 2000}. An-
other observed maternal effect is that the frequency of
hydrocephalic offspring in the backcross progeny is sig-
nificantly higher if the mating is H-Tx female X F, male
than if it is the reverse (Jones er al., 2001). All sever-
ity groups have an excess of males, although this is
more marked in the most severely alfected groups. An
excess of males with hydrocephalus was reported pre-
viously in our colony (Jones et al., 2000) and also in
carlier publications on H-Tx (Kohn et al., 1981; Wada,
1988). There is a possibility that pathogens are affect-
ing expression because the conventionally housed
colony on which these data were based was known to
carry Mycoplasma putmonis. More recently, we ob-
tained SPF H-Tx rats and the perceatage of affected
male offspring is about 50, although this still has to be
confirmed with a larger data set (Jones et al., unpub-
lished observations). it is still possible that other genetic
effects such as imprinting and mitochondrial transmis-
sion are responsible for some of these phenomena, but
currently there is no evidence to support this.

From a previous analysis of the breeding charac-
teristics of H-Tx, it was concluded that there is likely to
be more than one susceptibility locus controlling the ex-
pression of hydrocephalus. This study has shown that,
in addition to loci found previously [i.e., one significant
locus on Chr 11 and three loci on Chrs 9, 17, and 19
suggestive for hydrocephalus (Yones et al., 2001)], there
is an additional significant locus on Chr 10 and on¢ on
Chr 4 that is associated only with mild ventricular di-
latation. This locus appears to have the effect of op-
posing other susceptibility loci by being unfavorable for
the development of severe disease. The rats with mild
ventricular dilatation did not have overt hydrocephalus
at the time of euthanasia. Hence, it is possible that they
would have survived to adulthood. The susceptibility
locus on Chr 17, on the other hand, appears to code for
a factor that exacerbates the condition and it is very close
to a LOD score for full significance, for the most severe
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rats only. The marker D7 7Mit4 maps to the gene Chrm3,
coding for the muscarinic M3 receptor (Jacob er al.,
1995), making it a possible candidate gene for this locus.
This separation of loci according to severity suggests
that different processes work together in some instances
and against each other in other circumstances, to deter-
mine outcome. In addition, the strongest loci are asso-
ciated with heterozygosity (Chrs 10 and 1 1), which sug-
gests that alleles from the “normal” strain may increase
the risk for hydrocephalus expression.

This study has identified hydrocephalus-associated
loci that affect disease severity. Loci affecling sever-
ity have been observed in other rodent models of
human disease, particularly those that are inflamma-
tory or autoimmune diseases. For example, rats with
collagen-induced arthritis have four loci that contribute
to disease severity (Remmers et al., 1996) and mice
with infection-induced arthritis have two loci that af-
fect the severity of histopathological lesions (Weis
er al., 1999). Other examples with one or two severity
loci in mouse models are lupus-like nephritis (Santiago
et al., 1998), dextran sulfate-induced colitis (Mahler
er al., 1999) and experimental ailergic encephalo-
myelitis (Teuscher ef al., 1999).

In conclusion, it seems likely that the same basic
biochemical processes lead to hydrocephalus in all the
affected groups but that the disease severity, as mea-
sured by the degree of ventricular dilatation, is deter-
mined by a complex combination of hydrocephalus-
susceptibility alleles, genetic background, and
environmental effects. In the future, these phenomena
will be further analyzed by separating the different loci
into congenic strains and by investigating potential can-
didate genes that map to the chromosomal regions with
significant linkage to hydrocephalus.
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