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NULL MUTATION FOR Fmr1 IN FEMALE MICE: EFFECTS ON
EGIONAL CEREBRAL METABOLIC RATE FOR GLUCOSE AND

ELATIONSHIP TO BEHAVIOR
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. QIN, J. KANG AND C. BEEBE SMITH*

nit on Neuroadaptation and Protein Metabolism, Laboratory of Ce-
ebral Metabolism, 10 Center Drive, Room 2D54, National Institute of
ental Health, United States Public Health, Department of Health and
uman Services, National Institutes of Health, Bethesda, MD 20892-
298, USA

bstract—As a measure of functional activity we determined
egional cerebral metabolic rate for glucose (rCMRglc) in
dult, female wild type and fragile X (Fmr1 null) mice homozy-
ous and heterozygous for the null mutation. To ascertain if
he sexes differ with respect to the severity of the effects of
he mutation we compared our results with results of our
revious study on male Fmr1 null mice [Qin M, Kang J, Smith
B (2002) Increased rates of cerebral glucose metabolism in
mouse model of fragile X mental retardation. Proc Natl Acad
ci U S A 99:15758–15763.]. In contrast to the male Fmr1 null
ouse, rCMRglc was unchanged in the homozygous female

xcept in the dorsal raphe where rCMRglc was increased by
6%. There were no differences in rCMRglc between heterozy-
ous and wild type female mice. We compared male and
emale mice for effects of the null mutation on behavior. We
ound that the female Fmr1 null mouse is similar to the male
ith deficits in performance on a passive avoidance task,
eneral hyperactivity, and increased susceptibility to audio-
enic seizures. Both homozygous and heterozygous female
ice exhibited hyperactivity and increased susceptibility to

eizures, whereas only the homozygous mice had a deficit on
he passive avoidance test. Male Fmr1 null mice had a ten-
ency for lower anxiety-like behavior in an open field,
hereas this was not evident in females. Compared with male
ild type, male Fmr1 null mice also had a diminished acous-

ic startle response at higher stimulus intensities, whereas all
hree female genotypes had responses similar to those of
ale Fmr1 null mice. Whether estrogen affords female Fmr1

ull mice some protection from the effects of the mutation
emains to be determined. Published by Elsevier Ltd on be-
alf of IBRO.

ey words: functional activity, rCMRglc, open field activity,
assive avoidance, audiogenic seizures, acoustic startle.

ragile X syndrome (FraX) is the most common inherited
orm of mental retardation in males with an estimated
requency of 1/4000. It is caused by the absence of the
ragile X mental retardation protein (FMRP) encoded by

Corresponding author. Tel: �1-301-402-3120; fax: �1-301-480-1668.
-mail address: beebec@intra.nimh.nih.gov (C. Beebe Smith).
bbreviations: CMRglc global cerebral metabolic rate for glucose; DG,
eoxyglucose; FMRP, fragile X mental retardation protein; Fmr1, frag-

le X mental retardation-1 gene; FraX, fragile X syndrome; Hemz,
emizygous; Hmz, homozygous; Htz, heterozygous; PCR, polymer-
m
se chain reaction; rCMRglc, regional cerebral metabolic rates for
lucose; WT, wild-type.

306-4522/05$30.00�0.00 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2005.06.081

999
he silenced fragile X mental retardation gene (FMR1) on
q27.3. Expansion of an unstable trinucleotide CGG re-
eat in the 5=-untranslated region of FMR1 to more than
00 repeats leads to gene methylation and transcriptional
ilencing of FMR1. Carriers with alleles with 55–200 re-
eats are referred to as premutation carriers; the normal
llele has fewer than 54 repeats. The carrier frequency in
he general population is approximately one in 250 females
nd one in 760 males (Rousseau et al., 1995). FraX phe-
otype includes cognitive impairments from learning dis-
bilities to severe mental retardation (Rousseau et al.,
994); behavioral dysfunction such as hyperactivity, social
nxiety, attention problems and autistic-like behavior
Miller et al., 1999); and subtle physical abnormalities in-
luding a long face, prominent ears, prominent forehead
nd jaw, and in males, macroorchidism (Hagerman, 2002).
early all males with the full mutation have severe to mild
ental retardation, whereas in females the prevalence of
ental retardation is estimated to be 55% (Cronister et al.,
991; Rousseau et al., 1994).

The mouse model of FraX was created by insertion of
nonfunctional Fmr1 gene in exon 5 (Bakker et al., 1994)

o produce a null mutation for Fmr1. Although aberrantly
pliced transcripts containing Fmr1 mRNA may be present
Yan et al., 2004) these mice do not have detectable levels
f FMRP (Bakker et al., 1994; Peier et al., 2000). In fe-
ales, only mice homozygous (Hmz) for the mutation are
ull for Fmr1. Heterozygous (Htz) female mice should
xhibit mosaicism with respect to the mutation. Mosaicism

s the result of X-inactivation, i.e. each cell will express only
ne X chromosome, the other is inactivated early in devel-
pment. Because the inactivation is random and occurs
fter several thousand cells have formed in the embryo,
very female is a mosaic of clonal groups of cells express-

ng one or the other X chromosome. Most studies charac-
erizing the FraX mouse model have used male mice. The
ouse model has many of the characteristics of patients
ith FraX including immature dendritic spines (Comery et
l., 1997; Irwin et al., 2000), behavioral deficits (D’Hooge
t al., 1997; Fisch et al., 1999; Paradee et al., 1999;
obkin et al., 2000; Peier et al., 2000; Van Dam et al.,
000; Mineur et al., 2002; Qin et al., 2002), and macro-
rchidism (Bakker et al., 1994; Qin et al., 2002). To our
nowledge female FraX mice have been the subjects of
nly one earlier study (Musumeci et al., 2000).

Our previous study of the male Fmr1 null mouse model
as directed at elucidating brain regions or networks that
ave altered functional activity, since functional activity

ay be an indicator of brain regions involved in behavioral
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anifestations of the syndrome. We determined regional
erebral metabolic rates for glucose (rCMRglc) as a mea-
ure of functional activity (Sokoloff, 1977), and we reported
hat in adult, male hemizygous (Hemz) Fmr1 null mice,
CMRglc were increased over rates in wild-type (WT) litter-
ates. Differences in rCMRglc ranged from 12% to 46%,
nd the greatest differences occurred in regions of the

imbic system and in primary sensory and posterior parietal
ortical areas (Qin et al., 2002). The male Fmr1 null mice
xhibited hyperactivity and deficits in the passive avoid-
nce test of learning and memory (Qin et al., 2002). We
ave expanded our studies to include female Fmr1 null
ice to investigate possible sex differences in the pheno-

ypic expression of the null mutation and the effect of
eterozygosity. We report here that the effects of the Fmr1
ull mutation on rCMRglc in females are considerably dif-

erent than those found in males. We have tried to under-
tand these differences by studying behavioral effects of
he mutation in both sexes. We present our results of
tudies of behavior in an open field, performance on a
assive avoidance test, tests of acoustic startle response,
nd susceptibility to audiogenic seizures in both male and
emale WT and Fmr1 null mice.

EXPERIMENTAL PROCEDURES

nimals

ll procedures were carried out in accordance with the National
nstitutes of Health Guidelines on the Care and Use of Animals
nd an animal study protocol approved by the National Institute of
ental Health Animal Care and Use Committee. We were careful

o minimize both the number of animals used and their suffering.
VB/NJ-Fmr1tm1Cgr breeding pairs (Htz females and Hemz males)
ere obtained from The Jackson Laboratory (Bar Harbor, ME,
SA). Htz female and WT or Hemz male offspring were mated to
rovide offspring in five experimental groups: Hmz females, Htz
emales, WT females, Hemz males, and WT males. All mice were
oused in a central facility and maintained under controlled con-
itions of normal humidity and temperature with standard alternat-

ng 12-h periods of light and darkness. Food (NIH-31 rodent chow)
nd water were provided ad libitum. All mice studied were be-
ween 16 and 23 weeks of age.

enotyping

enomic DNA was extracted from a section of tail taken from each
nimal (Puregene, Gentra Systems, Inc, Minneapolis, MN, USA).
rimers to screen for the presence or absence of the mutant allele
ere 5=-ATCTAGTCATGCTATGGATATCAGC-3= and 5=-GT-
GGCTCTATGGCTTCTGAGG-3=. The DNA, a polymerase
hain reaction (PCR) buffer, and TaqDNA polymerase (AmpliTag
old, Applied Biosystems, Foster City, CA, USA) were combined
nd subjected to 35 cycles at 95, 62, and 72 °C. After amplifica-
ion, the products were separated by electrophoresis on a 1.5%
garose gel at 100 V for 1 h. The PCR product at �800 bp

ndicated the presence of the null allele. To screen for the pres-
nce or absence of the WT allele, the S1 (5=-GTGGTTAGCTA-
AGTGAGGATGAT-3=) and S2 (5=-CAGGTTTGTTGGGATTAA-
AGATC-3=) primers were used with the same PCR buffer. The
resence of the PCR product at 465 bp indicated the presence of
he WT allele. It was necessary to use both sets of primers to

enotype the female animals. 1
ocomotor activity in an open field

ocomotor activity was evaluated by placing mice in an open field
onsisting of a clear Plexiglas box (40�40�30 cm) with a black
oor in standard room light. Activity was recorded for 30 min,
uantified by a computer-operated tracking system of 16 photo-
eams per side (TruScan System, Coulbourn Instruments, Allen-
own, PA, USA), and analyzed at 6-min intervals. Total distance
oved, distance moved in the margins of the field (within 6.25 cm
f walls), time spent in the center of the field (area �6.25 cm from
alls), and number of entrances into the center zone were mea-
ured. The center time/total time can be used as an index of
nxiety-related responses (Crawley, 1989).

assive avoidance

nimals were trained in a passive avoidance apparatus (Small
nimal Shocker, Coulbourn Instruments) with one lighted and one
ark compartment separated by a guillotine door. On training day,
ach mouse was placed in the lighted compartment and given
ccess to the dark compartment by raising the guillotine door after
s. On entrance into the dark compartment, the guillotine door
as closed, and an electric foot-shock (0.2 mA for 1 s) adminis-

ered. The mouse was removed from the apparatus after 5 s and
eturned to its home cage. Mice that did not enter the dark com-
artment within 60 s were eliminated from the study. After 24 h,
ach animal was placed in the lighted compartment and the

atency to enter the dark compartment was recorded up to a
aximum of 300 s.

coustic startle response

ice were housed individually 24 h before the test. Startle reac-
ivity was measured with the Startle Reflex System (SR-Labora-
ory, San Diego Instruments, San Diego, CA, USA). The system
onitors animal movements within the cylindrical animal enclo-

ure with a 12-bit motion sensor. Each mouse was acclimated for
min to the cylindrical enclosure placed inside a soundproof

solation cabinet. Background noise was 60 dB. The test consisted
f 10 stimuli at each of seven intensities (0, 70, 80, 90, 100, 110,
20 dB). The order of the stimuli was determined for each animal
ith a random number generator. The inter-stimulus interval was
etween 20 and 40 s. At each stimulus intensity 150 readings
ere taken at 1 ms intervals and the Vmax (the peak response in

he 150 ms) was used as the stimulus response level. For each
nimal at each stimulus intensity the mean Vmax of the 10 mea-
urements was used. All tests were conducted between the hours
f 12:00 and 16:00. Mice used in the acoustic startle response test
ere subjected to audiogenic seizure induction one to two weeks

ater.

udiogenic seizure induction

ice were placed in a sound-attenuating chamber equipped with
glass door for observation. After a 5 min habituation period,

nimals received a 120 dB auditory stimulus (2–20 kHz) for 1 min.
he following responses for each animal were noted: no re-
ponse, wild running, jumping, clonic or tonic seizure, and respi-
atory arrest. All tests were done between the hours of 17:00 and
0:00, and each mouse was tested only once. Scorers were blind
o the genotype.

urgical preparation of animals

ice were prepared for metabolic studies by insertion under light
alothane anesthesia of polyethylene catheters (PE-10) into one
emoral artery and one femoral vein as previously described
Smith and Kang, 2000). Mice recovered from the surgery for

8–20 h during which time they could move freely within the
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onfines of the cylindrical Plexiglas container seven inches in
iameter. Food and water were available ad libitum.

hysiological variables

ean arterial blood pressure, hematocrit, rectal temperature, and
rterial plasma glucose concentrations were measured to evalu-
te each animal’s physiological state as previously described (Qin
t al., 2002).

etermination of rCMRglc

erebral metabolic rate for glucose was determined by the auto-
adiographic [14C]deoxyglucose (DG) method as previously de-
cribed for the mouse (Qin et al., 2002). Mice remained freely
oving in the cylindrical Plexiglas container for the study. The
xperimental period was initiated by an i.v. pulse injection of 120
Ci/kg of 2-deoxy-D-[1-14C]glucose (specific activity, 50–55 �Ci/
mol; PerkinElmer Life Sciences, Inc., Boston, MA, USA) con-

ained in �40 �l of physiological saline, and timed arterial samples
ere collected during the following 45 min for determination of the

ime courses of the plasma glucose and [14C]DG concentrations.
t the end of the experimental interval, mice were killed by an i.v.

njection of a lethal dose of sodium pentobarbital, and brains were
emoved rapidly and frozen in isopentane (�40 °C). Serial sec-
ions, 20 �m thick, were cut in a Leica 1850 cryostat (Leica
icrosystems, Inc., Bannockburn, IL, USA) at �18 °C, thaw
ounted on gelatin-coated slides, immediately dried in a stream of
ir, and exposed to EMC-1 film (Eastman Kodak Co., Rochester,
Y, USA) along with calibrated [14C]methylmethacrylate stan-
ards as previously described (Smith and Kang, 2000). Sections
ere then stained for Nissl substance with Thionin. Autoradio-
rams and stained sections were digitized with a pixel size of
1 �m by means of a 10-bit DVC-1310 digital camera (DVC,
ustin, TX, USA). Images were aligned and analyzed with an
CID Elite image processing system (Imaging Research, St.
atherines, ON, Canada). Regions of interest were located and
utlined on the Nissl-stained section by reference to a mouse
rain atlas (Paxinos and Franklin, 2001), and optical densities
ere measured on the autoradiograms. Concentrations of 14C
ere determined from the optical density vs. 14C concentration
urve determined from the calibrated plastic standards, and rCM-
glc was calculated from the pixel-weighted average local tissue

4C concentration and the time courses of plasma [14C]DG and
lucose concentrations by means of the operational equation of
he method (Sokoloff et al., 1977). We used the rate constants and
he lumped constant determined in normoglycemic, conscious rats
Sokoloff et al., 1977). Global cerebral metabolic rate for glucose
CMRglc) and brain volume were determined by analysis of auto-
radiograms of all sections of the entire brain digitized (42-�m
ixel size) by means of a Multirad 850 Howtek Film Digitizer
Howtek Devices, iCAD Inc., Hudson, NH, USA). Weighted aver-
ge CMRglc was determined as described above, and brain vol-
me was determined from the total number of pixels and the
alibrated pixel size.

tatistical analyses

CMRglc measurements were analyzed for statistically significant
ifferences among the three groups of females by Dunnett’s
-tests. Corrections for multiple regions compared were made by
eans of a modified Hochberg procedure with the number of true
ull distributions estimated by the graphical p-plot method; family-
ise error was set at ��0.05 (Turkheimer et al., 2001). Physio-

ogical variables were analyzed by Dunnett’s t-tests. Locomotor
ctivity in an open field and acoustic startle response data were
nalyzed by means of a repeated measures two-way ANOVA.
ata sets were further analyzed by post hoc Bonferroni t-tests.
atencies determined in the passive avoidance test were ana-
yzed with a one-way ANOVA and post hoc Bonferroni t-tests. p
RESULTS

egional cerebral metabolic rate for glucose

hysiological measurements were made on the mice in
hich we measured rCMRglc. Overall the Hmz and Htz
mr1 null and WT mice were well matched with respect to
hysiological variables (Table 1). The only statistically sig-
ificant difference was a slightly higher (14%) mean body
eight in the Hmz Fmr1 null group compared with WT.
either CMRglc nor brain volume in Hmz or Htz female
mr1 null mice were statistically significantly different com-
ared with WT controls (Table 2). We measured rCMRglc

n 53 regions of the brain in the three groups of mice and
ompared rates in the Hmz and Htz Fmr1 null mice with
T (Figs. 1 and 2). There were no statistically significant

ifferences between Htz Fmr1 null mice and WT controls.
n comparisons between Hmz Fmr1 null and WT mice, only
he dorsal raphe showed a statistically significant differ-
nce (P	0.02, Dunnett’s t-test); rCMRglc in the dorsal
aphe was 36% higher in the Hmz Fmr1 null mice (Fig. 1C).
o correct for the effects of multiple comparisons on mea-
urements in 53 brain regions in the same animals we
pplied the graphical p-plot method with the modified
ochberg procedure. This analysis indicates that there is
5% probability that the difference in the dorsal raphe
ccurred by chance.

ehavioral tests

n contrast to our findings in females we had found that in
ales with the Fmr1 null mutation, rCMRglc was signifi-

antly increased throughout the brain (Qin et al., 2002). To
scertain whether the different effect of the null mutation in
ales and females on rCMRglc is due to differential behav-

able 1. Physiological variables in female Fmr1 null mice

WT (6) Htz (7) Hmz (8)

ge (days) 122
1 128
3 123
3
ody weight (g) 19.8
0.4 21.2
0.8 22.5
0.6*
rain weight (g) 0.47
0.01 0.47
0.07 0.48
0.00
ody temperature (°C) 37.7
0.08 37.9
0.13 37.7
0.07
ematocrit (%) 44.3
0.8 43.4
0.6 42.6
0.5
rterial plasma glucose (mM) 8.4
0.6 8.3
0.4 8.6
0.4
ean arterial blood pressure
(mm Hg)

101
3 97
2 98
3

Values are means
SEM for the number of mice indicated in paren-
heses.
Statistically significantly different from WT, P	0.05, Dunnett’s t-test.

able 2. Global CMRglc and brain volume in female Fmr1 null mice

WT Htz Hmz

MRglc (�mol/g/min) 0.44
0.03 0.46
0.03 0.46
0.03
(5) (7) (7)

olume (cm3) 0.460
0.005 0.451
0.006 0.470
0.001
(5) (8) (8)

Values are the mean
SEM for the number of mice indicated in

arentheses.
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oral effects of the mutation we compared male and female
mr1 null mice in a series of behavioral tests.

Open-field activity. Results of the open-field test
ere analyzed by two-way ANOVA (genotype�epoch)
ith repeated measures on epoch (Fig. 3). We found sta-

istically significant interactions for three of the variables
easured (horizontal movement distance (Fig. 3A), % dis-

ig. 1. rCMRglc (�mol/g/min) in 53 brain regions of adult, female Fmr1
xceptions were SCN and vermis 6 in which n�5 for WT, vermis 8 in w
Statistically significantly different from WT, P	0.02, Dunnett’s t-test.
ance moved in the margins (Fig. 3B), and number of w
ntrances into the center of the field (Fig. 3C)) indicating
hat the time courses of open field activity differ among the
enotypes. The interaction between genotype and epoch
as close to statistically significant (P�0.074) for the %

ime spent in the center of the field (Fig. 3D).
Average horizontal distance moved (Fig. 3A) tended to

ecrease with time in both male and female WT mice and

Values are means
S.E.M. in six WT, seven Htz, and eight Hmz mice;
6 for Htz, and optic chiasm and vermis 6 and 7 in which n�7 for Hmz.
null mice.
hich n�
as at a higher level in the WT females in all epochs. At
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he 6- and 24-min epochs the male–female difference in
T mice was statistically significant (P	0.05, Bonferroni

-test). For all three of the Fmr1 null genotypes average
orizontal distance moved tended to be higher than that of
oth male and female WT across all epochs except the
rst. In the 18, 24, and 30 min epochs we found statistically
ignificant (post hoc Bonferroni t-tests) differences be-
ween mutants and same sex WT. Htz and Hmz females
oved a greater horizontal distance than WT males at all
pochs (P	0.05). There were no statistically significant
ifferences for any epoch between male Hemz and female
mz mice.

At the 18 and 24 min epochs percent distance moved
n the margins of the field (Fig. 3B) tended to be lower for
ll three Fmr1 null genotypes compared with both male
nd female WT, but differences were statistically signifi-
ant only between WT males and Hemz males. The num-
er of center entrances (Fig. 3C) was similar for WT males
nd females from 12 to 30 min, and Hemz males had more
enter entrances than WT males from 18–30 min
P	0.05). Between 18 and 30 min the number of center
ntrances for Htz and Hmz females tended to be higher
han female WT, but these differences were statistically
ignificant only for the Hmz females at the 18 min epoch.

ig. 2. Digitized [14C]DG autoradiograms (A–F) color coded for rCMRg

, respectively. A and B are from a WT control, C and D are from a Ht
he left are at the level of the dorsal hippocampus and those on the rig
mz male mice spent an increasing % time in the center of g
he field (Fig. 3D) over the course of the test whereas all
ther genotypes more consistently spent about 30% time

n the center.

Passive avoidance. Initially, we tested separate
roups of mice for potential differences in pain threshold
mong the genotypes. All reacted to a 1-s foot-shock at
.2 mA with vocalizations, jumping, and excessive running
emonstrating that they had detected the stimulus. Com-
arison of the mean latencies to enter the dark chamber for
he five genotypes (Fig. 4) by one-way ANOVA shows that
here is a statistically significant difference among the
eans (F(4,121)�5.82; P	0.001). Post hoc Bonferroni t-

ests show that the mean latency to enter the dark cham-
er was statistically significantly lower in the male Hemz
ice by 58 and 53% compared with either female WT

P	0.001) or Htz mice (P	0.01), respectively and in the
emale Hmz mice by 37% compared with female WT
P	0.05).

Acoustic startle response. All five genotypes showed
ncreasing startle responses with increasing stimulus in-
ensity (Fig. 5). Responses in the WT males were higher at
he higher stimulus intensities compared with all other

sl-stained sections (G, H) corresponding to the autoradiograms E and
ull mouse, and E and F are from a Hmz Fmr1 null mouse. Images on
the level of the dorsal raphe. The scale bar�4 mm in the lower right.
lc and Nis
enotypes, and responses in all other genotypes were very
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imilar to each other at all stimulus intensities. The results
f the acoustic startle test for all five genotypes were
nalyzed by a two-way ANOVA (genotype�stimulus inten-
ity) with repeated measures on stimulus intensity. The
nteraction between genotype and stimulus intensity was
tatistically significant (F24,378�3.96, P	0.0001). Post hoc
onferroni t-tests indicate statistically significant lower
tartle responses at the two highest decibel stimuli in
emz male, Hmz female, Htz female, and WT female
ompared with WT male mice.

Audiogenic seizures. Animals that responded to the
one usually began with jumping and wild running. In most
nimals this was followed by myoclonus or tonic seizures

ig. 3. Open-field activity in WT male (open squares, n�10) and fema
emale (gray-filled circles, n�20), and Hmz female (black-filled circles, n
he data from the male animals were reported previously (Qin et al., 20

ime. Data were analyzed by means of a two-way (genotype�epoch)
nd epoch for the total distance moved in the horizontal plane (A) w
enotype and epoch for the % distance moved in the margins of the
etween genotype and epoch for the number of entrances into the c

nteraction between genotype and epoch for the % time spent in the cen
omparisons among genotypes at each epoch were made by means o
etween Fmr1 null mice and same sex WT are indicated on the grap
emz Fmr1 null mice. † (P	0.05); between female WT and Htz Fmr1
ice. There were other statistically significant differences: (A) Horizon
4 (P	0.05) min epochs; between WT male and Htz female for all epoc
in, and all other (P	0.001) epochs. (B) % Distance moved in the mar
T male and Hmz female for the 18 min epoch (P	0.05); between WT

nto the center of the field: between WT male and Htz female for the 6
P	0.05); between WT female and Hemz male at the 18 and 24 min e
emz male at the 18 min epoch (P	0.05). (D) % Time in the center o
nd respiratory arrest. About 93% of male and 100% of s
emale WT mice had no response to the tone (Table 3). In
ontrast 33% of either Hemz males or Htz females and
0% of Hmz females had some response that in all but one
ase resulted in a seizure. We used a Fisher’s exact test to
ompare the effects of the mutation on seizure incidence in
ales and females. Females Htz and Hmz for the mutation
ere grouped together for this analysis. Results for both
exes were statistically significant (P	0.05).

DISCUSSION

ur results demonstrate that there is no statistically signif-
cant and widespread effect of the null mutation for Fmr1
n brain functional activity in females. This contrasts

circles, n�20) mice and Hemz male (black-filled squares, n�10), Htz
r1 null mice. Each point represents the mean
S.E.M. for each epoch.

experiments on all animals of both sexes were carried out at the same
ith repeated measures on epoch. The interaction between genotype

tistically significant; F(16,300)�2.17; P	0.01. The interaction between
was statistically significant; F(16,300)�2.39; P	0.01. The interaction

the field (C) was statistically significant; F(16,300)�2.56; P	0.01. The
field (D) was close to statistically significant; F(16,300)�1.58; P�0.074.
c Bonferroni t-tests. Statistically significant differences at each epoch
ows: * (P	0.05); ** (P	0.01), *** (P	0.001); between male WT and
e. ‡ (P	0.05); ‡‡ (P	0.01); between female WT and Hmz Fmr1 null
ce moved: between WT male and WT female at the six (P	0.01) and
.001); between WT male and Hmz female for 6 (P	0.05), 12 (P	0.01)

een WT male and Htz female for the 6 min epoch (P	0.05); between
d Hemz male at the 30 min epoch (P	0.05). (C) Number of entrances
h (P	0.05); between WT male and Hmz female at the 18 min epoch
	0.001) and at the 30 min epoch (P	0.01); between Htz female and
: between WT female and Hemz male at the 24 min epoch (P	0.05).
le (open
�20) Fm
02), but

ANOVA w
as a sta
field (B)

enter of
ter of the
f post ho

hs as foll
null mic

tal distan
hs (P	0
gins: betw
female an
min epoc
harply with the noteworthy increases in rCMRglc found



t
(
m
w
h
b
i

d
n
w
m

F

W
t
t
(
s
t
b
w
g
s
2
1

o
t
d
s
t
c
r
t
l
r
t
o
s
h
F
v
s
g
f
i
V
w
t
H

F
l
i
t
o
n
a
w
a
a
i
(
g
*
W
n

F
a
s
m
t
t
(
i
t
s
t
s

T

G

M
M
F
F
F

t
t
a
j
o

M. Qin et al. / Neuroscience 135 (2005) 999–1009 1005
hroughout the brains of males with the Fmr1 null mutation
Qin et al., 2002). Differences in the effect of the Fmr1 null
utation on behavioral phenotype in males and females
ere subtle. Both male and female Fmr1 null mice were
yperactive and susceptible to audiogenic seizures, and
oth had deficits in performance on a simple test of learn-

ng and memory. Male Fmr1 null mice showed evidence of

ig. 4. Passive avoidance task. Bars represent the mean
S.E.M.
atency to enter the dark chamber 24 h after a single training session
n which mice received a foot-shock (0.2 mA for 1 s) when they entered
he dark chamber. The number of animals in each group is indicated
n the bar. WT are represented by open bars, Hemz and Hmz Fmr1
ull mice are represented by black-filled bars, and Htz Fmr1 null mice
re represented by gray-filled bars. The data from the male animals
ere reported previously (Qin et al., 2002), but experiments on all
nimals of both sexes were carried out at the same time so we have
nalyzed data from both sexes together. Results of one-way ANOVA

ndicate a statistically significant difference among the means
F(4,121)�5.82; P	0.001). Statistically significant differences between
roups were assessed by post hoc Bonferroni t-tests as follows:
P	0.05; ** P	0.001: statistically significantly different from female
T. † P	0.01: statistically significantly different from female Htz Fmr1

ull.

ig. 5. Acoustic startle response in WT male (open squares, n�14)
nd female (open circles, n�14) mice and Hemz male (black-filled
quares, n�18), Htz female (gray-filled circles, n�12), and Hmz fe-
ale (black-filled circles, n�10) Fmr1 null mice. Each point represents

he group mean
S.E.M. Background noise was 60 dB. Stimulus in-
ensities were 0 (S1), 70 (S2), 80 (S3), 90 (S4), 100 (S5), 110 (S6), 120
S7) dB. Results were analyzed by means of two-way (stimulus
ntensity�genotype) ANOVA with repeated measures on stimulus in-
ensity. The interaction between stimulus intensity and genotype was
tatistically significant (F24,378�3.96, P	0.0001). By post hoc analysis
o
here were statistically significant differences (P	0.01) between re-
ponses of WT male and all other groups at S6 and S7.
ecreased anxiety in the open field whereas females did
ot, and in Fmr1 null males acoustic startle responses
ere diminished at higher intensity stimuli whereas in fe-
ales responses were similar to those in female WT.

unctional activity

e applied the autoradiographic [14C]DG method to de-
ermine rCMRglc as a measure of regional functional ac-
ivity. The method was originally devised for use in the rat
Sokoloff et al., 1977) but has been applied to many other
pecies (Sokoloff, 1996). The practical considerations for
he adaptation of the method for use in the mouse have
een discussed elsewhere (Qin et al., 2002). The values
e report here for rCMRglc in female WT controls are in
ood agreement with values in male WT controls on the
ame (FVB/NJ) background reported previously (Qin et al.,
002) indicating that as was shown in the rat (Nehlig et al.,
985) there is little if any effect of sex on rCMRglc.

We did not control for the stage of the estrous cycle in
ur study. In rats there is no overall effect of the stage of
he estrous cycle on global CMRglc but there are some
iscrete changes in regions of hypothalamus and limbic
ystem (Nehlig et al., 1985). At the time of the Nehlig study
here were no powerful statistical methods available for
ontrolling for false positives in data sets with multiple
egions in the same subjects, and the authors reported
heir results without any such correction. We have reana-
yzed their data with the p-plot method and we find that
egions with statistically significant effects due to stages of
he estrous cycle are localized to the medial preoptic area
f the hypothalamus and superior colliculus. Our present
tudy did not include these two regions. We did observe
igher variance in our measurements of rCMRglc in female
mr1 null mice than in either WT or Fmr1 null males, but
ariance in WT females was similar to that of males (Fig. 6)
upporting the idea that the higher variance is an effect of
enotype rather than sex. We also looked at the variances
or an effect of mosaicism with the expectation that mosa-
cism might produce higher variance among Htz females.
ariances in Htz and Hmz Fmr1 null females, however,
ere similar except in the dorsal raphe (Fig. 6H) in which

he variance in the Hmz mice was greater than that in the
tz mice suggesting that we are not observing the effects

able 3. Audiogenic seizures in Fmr1 null mice

enotype N No response Seizure

ale WT 14 13 0
ale Fmrl null 18 12 6
emale WT 14 14 0
emale Fmrl null Htz 12 8 3
emale Fmrl null Hmz 10 6 4

Mice were acclimated to the chamber for 5 min and then subjected
o 1 min of 120 dB generated by a doorbell. N is the number of mice
ested. In response to the bell one male WT mouse exhibited jumping
nd one female Htz Fmr1 null mice exhibited both wild running and

umping but no other response. Mice were 143
13 (mean
SD) days
f age.
f mosaicism.
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In contrast to our findings in male Fmr1 null mice in
hich rCMRglc was considerably increased throughout the
rain (Qin et al., 2002), in female Fmr1 null mice CMRglc in
he brain as a whole and in most of the brain regions
nalyzed was not different from that of WT controls. This
as true for both Htz and Hmz female Fmr1 null mice. The
ne brain region in which we found statistically significantly

ncreased rCMRglc in the female Hmz Fmr1 null mice is the
orsal raphe. According to the results of the p-plot analysis
hich corrects for multiple comparisons this effect may
ave occurred by chance. It is interesting however that
here is very good agreement between values of rCMRglc

n the dorsal raphe among Htz females and WT of both
exes (Fig. 6H). Values of rCMRglc in Hemz male and Hmz
emale Fmr1 null mice are more variable and generally
igher than those in the other three groups, and values in
he Hmz female Fmr1 null mice tend to be higher than
hose in the Fmr1 null males. In our present study mean
CMRglc in dorsal raphe is increased by 36% in female
mr1 null mice compared with WT. In males the increase

n Fmr1 mice was 19% (P	0.05) (Qin et al., 2002).
An effect on the dorsal raphe is of interest in the light of

he hyperactivity associated with FraX and the possible
ole of serotonergic projections from the raphe nuclei in
yperactivity (Tao and Auerbach, 2003; Kusljic et al.,
003). Serotonergic projections from the dorsal raphe ter-
inate in frontal cortex, ventral hippocampus, and striatum

Adell and Myers, 1995). We did not analyze ventral hip-

ig. 6. Individual values for rCMRglc in frontal association cortex (A), p
A3 sector (D), granule cell layer of the dentate gyrus (E), piriform cort
ircles represent values from female WT, Htz and Hmz Fmr1 null mic
emz Fmr1 null mice, respectively. Effects of the mutation were statis

-test) (Qin et al., 2002) and in females only in the dorsal raphe (P	0
ocampus in our studies, but in Fmr1 null males we found 2
statistically significant increase (30%) in rCMRglc in fron-
al cortex but not in caudate-putamen (Qin et al., 2002). In
emales neither region had an increased rCMRglc. Since
ffects on rCMRglc usually reflect synaptic activity
Sokoloff, 1996) dorsal raphe afferents are an important
onsideration. The major afferents are from the raphe
uclei themselves. Other inputs arise from the superior
estibular, nucleus prepositus hypoglossi, perihypoglossi,
ucleus of the solitary tract, locus coeruleus, substantia
igra, ventral tegmental area, and periaqueductal gray.
he most important hypothalamic inputs come from the
edial preoptic area and lateral hypothalamus. Of these

egions we analyzed median raphe, ventral tegmentum
nd periaqueductal gray in our studies of male and female
mr1 null mice and we found no effects on rCMRglc. We
lso found no effects in the hypoglossal nuclei. Of the
fferents of the dorsal raphe in which we measured rCM-

glc only frontal cortex is affected and only in the male
mr1 null mice. Of the afferents that we measured none
as affected in either male or female Fmr1 null mice.

The increased rCMRglc that we observed in the dorsal
aphe could reflect an increase in spontaneous neural
ctivity. The serotonergic neurons of the dorsal raphe are
pontaneously active, and the balance between GABAer-
ic and glutamatergic input may modulate their discharge
ate. Studies in rats have shown that reverse dialysis infu-
ion of bicuculline, a GABAA receptor antagonist, into the
orsal raphe increased locomotion (Tao and Auerbach,

cell layer of the dorsal hippocampus CA1 sector (B), CA2 sector (C),
sterior parietal cortex (G), and dorsal raphe (H). Open, gray and black
ctively; open and black squares represent values from male WT and
gnificant in males in all regions (A–G, P	0.01; H, P	0.05; Student’s
nett’s t-tests).
yramidal
ex (F), po
e, respe
003). As in the cortex where dendritic abnormalities in
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raX patients may be responsible for unbalanced excita-
ory inputs causing hyper-excitability, serotonergic neu-
ons in the dorsal raphe may discharge at an increased
ate due to a similar unbalance. The increased rCMRglc

ay reflect such an unbalanced modulatory input.

ehavioral assessment

he lack of an effect of the Fmr1 null mutation on rCMRglc

n female mice was unexpected and we hypothesized that
t might be related to a male–female difference in the
ehavioral phenotype. Male Fmr1 null mice are hyperac-
ive in an open field (Bakker et al., 1994; Peier et al., 2000;
ineur et al., 2002; Qin et al., 2002), and it is reasonable

o conjecture that hyperactivity might be associated with a
eneralized increase in functional activity in the brain as
een in the male Fmr1 null mice (Qin et al., 2002). Since
e had tested the male and female mice at the same time
e reanalyzed the male data with the female data to test

or differences in open field behavior among the five ge-
otypes. Results indicate that all animals with the Fmr1
ull mutation were hyperactive regardless of sex, and het-
rozygosity in the females did not appear to diminish the
ffect.

We analyzed relative distance moved in the margins of
he field, the number of entrances into the center of the
eld, and the percent time spent in the center of the field as

ndices of anxiety (Crawley, 1989). By these criteria male
mr1 null mice exhibited reduced anxiety-related behavior
ompared with WT, but in females this effect is not so
lear. Observations of hyperactivity and diminished anxi-
ty-related behavior in an open field have also been re-
orted in male Fmr1 null mice on a C57BL/6 background
Peier et al., 2000). Peier et al. (2000) demonstrated that
hese characteristics were reversed in FMR1 yeast artifi-
ial chromosome (YAC) transgenic mice. Since we found
yperactivity in both male and female Fmr1 null mice the
ifferential effect of the null mutation on rCMRglc cannot be
ttributed to hyperactivity. Further, we would have pre-
icted that diminished anxiety as seen in male Fmr1 null
ice would be associated with a decreased rCMRglc since

reatment with anxiolytic drugs such as diazepam reduces
CMRglc in rats (Eintrei et al., 1999).

We hypothesized that the male–female difference in
he effect of the Fmr1 null mutation on rCMRglc may be due
o a difference in sensitivity to sensory stimuli. Patients
ith FraX have an increased sensitivity to sensory stimuli

Miller et al., 1999; Hagerman, 2002). We measured the
coustic startle response in male and female Fmr1 null
ice to test for differences in auditory responses and

ound that the stimulus intensity-response curve for the WT
ale mice is at a higher level compared with the other four
enotypes. Compared with male WT the Fmr1 null muta-
ion in males results in lower responses particularly at the
igher decibel stimuli (110 and 120 dB), but responses in
ll three female genotypes were similar to those of the
mr1 null male. It is of interest that the startle response

ends to be higher with increased anxiety (Koch, 1999),
nd Hemz male Fmr1 null mice exhibited reduced anxiety-
ike behavior in the open field test. a
The male-female difference for the WT mice is sup-
orted by the auditory startle response data in rats in which
ales tended to have a higher response magnitude at 100
B than females (Koch, 1998). Our results at higher inten-
ity stimuli in males agree with the findings in Fmr1 null
ice on the same background (Chen and Toth, 2001), on
C57 background and in an F1 (C57BL/6J�FVB) hybrid

Nielsen et al., 2002). In the C57 and F1 hybrids, however,
mall but statistically significant increases in startle re-
ponse were also seen at very low intensity stimuli (80 dB)
Nielsen et al., 2002). Our Fmr1 null mice did not show any
vidence of increased response at any stimulus intensity.
his difference could be a function of genetic background
r age. In the study of Chen and Toth (2001) startle re-
ponse was measured in FVB/NJ mice at 7–10 weeks of
ge but only at a stimulus intensity of 115 dB. In the study
f Nielsen et al. (2002) C57 mice and F1 hybrids were
tudied at 14–16 and 8–9 weeks of age, respectively. We
ested our FVB/NJ mice at 17–23 weeks, the age at which
e measured rCMRglc; and they did not respond at all to

he low intensity stimuli. The acoustic startle thresholds in
ur FVB/NJ males and females were 100 and 110 dB,
espectively. In the C57 and F1 hybrids startle responses
ere observed at 80 dB (Nielsen et al., 2002). A dimin-

shed hearing acuity in our older mice may explain this
ifference in thresholds. In view of the report that in
ounger Fmr1 null mice the startle response at lower in-
ensities is elevated and at higher intensities is diminished,
he reduced startle response at higher stimulus intensities
ound in our male Fmr1 null mice is likely due to defects in
he pathways that influence the startle response rather
han a primary sensory disturbance.

Susceptibility to seizures particularly during childhood
s another characteristic of FraX that might be associated
ith hyperexcitability. We compared susceptibility to au-
iogenic seizures in male and female Fmr1 null mice to
ee if a difference in susceptibility could help us to under-
tand the male female difference in the effect of the null
utation on rCMRglc. Our study shows that both adult male
nd female Fmr1 null mice have increased susceptibility to
udiogenic seizures compared with WT. FVB mice are
nown to be seizure prone (Goelz et al., 1998), but the

ncidence of audiogenic seizures in Fmr1 null mice on the
VB background was higher than WT. Our results agree
ith two other studies of fragile X mice that showed higher

ncidences of audiogenic seizures in Hemz male and Hmz
emale Fmr1 null mice at earlier stages of development
Musumeci et al., 2000) and in adult male Fmr1 null mice
Chen and Toth, 2001). Despite the male–female differ-
nces in the postnatal development of susceptibility to
udiogenic seizures seen in Fmr1 null mice (Musumeci et
l., 2000) by adulthood susceptibilities were similar. The

ncidence of audiogenic seizures (70%) reported in male
mr1 null mice between 140 and 238 days of age was
onsiderably higher (Chen and Toth, 2001) than the inci-
ence (33%) we observed in 120–150 day old mice. The
timulus (white noise, 2–20 kHz) in our study was very
imilar to that used in the Chen and Toth (2001) study

lthough our stimulus intensity was slightly higher (120 v.
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15 dB). Probably the difference in age-ranges of the
nimals is the significant difference between the studies,
uggesting that susceptibility may continue to change with
ge even in adult mice.

The primary symptom of FraX is mental retardation. It
as been suggested that the excess of immature dendritic
pines found in neocortex in FraX might be related to an

nability to stabilize synaptic contacts which leads to dimin-
shed cognitive ability. The immature spines and unstabi-
ized synapses may result in hyperexcitability which in turn

ay be responsible for the increase in cerebral energy
etabolism seen in the male Fmr1 null mouse (Qin et al.,
002). In our previous study we reported that male Fmr1
ull mice were significantly impaired on the passive avoid-
nce test of learning and memory (Qin et al., 2002). We
lso tested female mice on the same test and analysis of
he results in all five genotypes together shows a clear
eficit on the passive avoidance test in both male Fmr1 null
nd female Hmz mice compared with female WT. Females
tz for the Fmr1 null mutation were not affected, suggest-

ng that the impairment only occurs in the complete ab-
ence of FMRP.

Based on the similarities between male and female
mr1 null mice we posit that increased rCMRglc in the
ales is not merely a function of hyperactivity and in-

reased susceptibility to seizures and is not related to a
eficit in performance on the passive avoidance test.
here are several differences between males and females

n the behavioral manifestation of the Fmr1 null mutation.
ale mice showed a diminution of anxiety-related behavior
nd a decreased startle response compared with WT
hereas females do not. Based on the increased rCMRglc

ound in male Fmr1 null mice we would have predicted
ehavioral effects in the opposite direction, i.e. increased
nxiety and increased startle response. It is possible that
hese particular behavioral traits have no bearing on the
hanges in rCMRglc. Alternatively, the apparent mismatch
ay be a function of the state (resting) in which we mea-

ured rCMRglc. Measurement of rCMRglc in the animals
uring an anxiety-provoking event or during sensory stim-
lation might produce a very different picture. In the “rest-

ng” animal functional activity in the nervous system is not
ffected by the Fmr1 null mutation in females whereas it is
tatistically significantly increased in males. Whether or not
strogen affords female Fmr1 null mice some protection
rom the increased functional activity in brain warrants
urther investigation.
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