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1,25(0H),D3 = 1,25-dihydroxyvitamin Ds; 250H Ds = 25- hydroxyvitamin Ds; VDR =
vitamin D; receptor



Running title

Vitamin D; and brain development



Abgract

Evidence for the presence of the vitamin D receptor in brain implies this vitamin may
have some function in this organ. This study investigates whether vitamin D3 acts during
brain development. We demondrate that rats born to vitamin D3 deficient mothers had
profound dterations in the brain a birth. The cortex was longer but not wider, the laterd
ventricles were enlarged, the cortex was proportiondly thinner and there was more cell
proliferation throughout the brain. There were reductionsin brain content of nerve
growth factor and glid odl line-derived neurotrophic factor and reduced expression of
p75" TR the low-affinity neurotrophin receptor.

Our findings would suggest that low maternd vitamin D3 has important ramifications for
the developing brain.

Key words: - Vitamin D; Brain devel opment; Brain morphology; Neurotrophic factors,
p75 TR Mitos's



The links between vitamin D, calcium and bones have long been appreciated however in
recent years an ever-widening range of actions has been described for this seroid
hormone. Evidence now links vitamin D3 with cdl growth and differentiation, immune
response and foeta development (Bouillon et d., 1995). Of particular interest is
accumulaing evidence for actions of vitamin Ds inthe brain (Garcion et d., 2002) and
suggesions thet early vitamin D3 deficiency may be arisk factor for anumber of

disorders, induding schizophreniaand multiple scleross (M cGrath, 1999, 2001).

The vitamin Ds receptor (VDR) isamember of the highly conserved nuclear receptor
family that dso indudes the sex hormones, glucocorticoids, and retinoic acid (Lander et
a., 2001). The VDR has been identified in the brains of rat (Stumpf et d., 1982; Stumpf
and O'Brien, 1987; Prufer et d., 1999), hamster (Musgiol et d., 1992) and humen
(Sutherland et d., 1992). Vitamin Ds can be either ingested, or synthesized from the
action of ultraviolet B radiation on a cholesterol metabalite found in the epidermis which
results in the production of previtamin D. After two separate hydroxylations (first in the
liver, then in the kidney) the mogt active form of the vitamin, 1,25-dihydroxyvitamin Dz
(1,25(0OH)2Ds), is produced. Both of these enzymes (vitamin Ds 25-hydroxylase and 25-h
ydroxyvitamin Ds- 1a - hydroxylase) and the inectivating enzyme (vitamin Ds 24-
hydroxylase) are present in brain, making it plausible that vitamin D; may act asan
autocrine or paracrine factor inthisorgan (Miller and Portale, 2000; Garcion et d., 2002).
Vitamin Ds has many effects on adult brain tissue, in vivoand in vitro, induding dtering
neurotrophin mMRNA expresson, neurotrangmitter enzyme activity, and providing

multiple levels of neuroprotection (Garcion et d., 2002). The VDR is present in the



developing rat brain and its Stes of expression change during development prompting the
Speculation that vitamin D; may play a previoudy unrecognised rolein brain

development (Veendtra et d., 1998).

Vitamin D productionis conggently associated with photoperiod duration, which in turn
isinfluenced by latitude and seeson (Webb et ., 1988; Holick, 1995) . The potentid
importance of an associaion between vitamin D and brain devel opment takes on added
weght in view of the surprisngly high levels of hypovitaminoss D in both devel oped

and developing nations (Vieth and Carter, 2001).

Although the optimd leves of vitamin Ds during pregnancy are poorly understood
(Morley et d., 2002), low leves of vitamin Ds during prenatal devel opment are common.
In the United Satesit is reported thet, of women of the child-bearing ages 20 to 39, 12%
had serum 25- hydroxyvitamin Ds levels below the threshold defined for vitamin Ds
deficiency (15ng/ml) (Looker and Gunter, 1998). Smilarly, serum vitamin Ds

insufficiency is common even in aress of abundant sunlight (McGrath et d., 2001b).

In this dudy, we invedigated whether vitamin D3 defidency during gestation could dter
bran devdopment. Our results indicate that gedaiond vitamin Ds deficdency has
profound effects on the deveoping brain, induding chages in volume shape cdl

proliferation and growth factor expresson.



Experimental procedures

Maternal vitamin D3 depletion

Femde Sporague-Dawley rats were fed a prepared diet free of vitamin D; (DyetsInc CA
USA) but with norma calcium and phosphorous. Animals were housed under a 12-hour
light/dark cyde using incandescent lighting free of ultraviolet radiation in the vitamin D3
action spectrum (290- 315 nm). After 6 weeks serum vitamin Ds depletion was confirmed
prior to meting usng acommercid RIA (Diasorin MN USA) for 25-OH D3 which
provides the best overd| indicator of vitamin D3 satus from both dietary and
environmental exposures (Hollis, 1996). The resulting dams were housed under these
conditions until the birth of the pups. Control animas were kept under gandard lighting
conditions and were supplied with standard rat chow containing vitamin Dz (Dyets CA).
Gedationd times were normd in the deplete group. The animals did not gppear to incur
any Uffering as aresult of dietary manipulation and al efforts were made to minimise

the number of breeding animds

Because infant Sze may be inversgly proportiond to litter Sze only neonetes from litters
of 11 — 14 pups were sdected for this sudy. Within 12 hours of birth 3 newborns of each
sex were collected and birth weight recorded. The pups were killed by decapitation
performed so that the brain sem was dissected in the same position for each animd. The
brains were carefully removed, weighed and prepared for histology, protein or RNA

andysis according to the protocol s described bel ow.



Blood was callected from neonates for 25-OH D3 and cadum esimaion. Vitamin D
levels were Sgnificantly greater in the control neonates 27.4 + 9.6 compared with control
maternd levels 14 + 6 ng/ml (P<0.001, ANOVA n =14). Animas kept under vitamin D3
deplete conditions were indeed severely depleted with levelsof 1.8+ 04and 1.9+ 1.3
ng/ml in the maternd anima's and neonates respectively. Serum cadum levelsin bath
controls (1.5 + 0.4 mM) and deplete neonates (2.0 + 0.6 mM) were somewhat lower than
vaues previoudy reported for ether maternd or postnatd rats (2.5 —2.0 mM) (Thomas
and Forte, 1982; Ledter et d., 1982; Brommage and Del_uca, 1984a; Brommage and
Del_uca, 1984b). In any case vitamin D depletion combined with norma dietary cacium
and phosphate intake did not lead to reduced serum Ca?* in neonates, afinding in

accordance with previous observations (Lester et ., 1982).

Histology and immunohistochemistry

Once removed and weighed, brans were fixed for two hoursin freshly prepared 4%
paraformal dehyde/phosphate buffered sdine (PBS, pH 7.2), thoroughly rinsed,
cryoprotected in 0.32M sucrose, embedded with cryostat mounting medium and frozen.
Sections were cut on alEC cryo-microtome (8 um thick), thaw- mounted on pre-coated
dides (Superfrost Plus, Lomb scientific) and stored at —80°C until use. Sections were
daned in asiesof 1in 15 for nisd substance using cresyl violet. For
immunohistochemicd investigations Sngle sections were sdlected at the same medid
corond plane. Individud antigens were visuaised as follows. Endogenous peroxidase
activity was quenched by incubating sections in 0.3% fresh H,O-, in either PBS (when the

antigen was located on the outer surface of the membrane) or pure methanol (when the



antigen was cytoplasmic, nuclear or located on the inner surface of the membrane) for 30
minutes. Non-specific staining was blocked by incubation for 1 hr with non-immune

serum, gopropriate for the secondary antibody, & adilution of 1:10 in PBS containing 2%
bovine serum dbumin and 5% non fat dry milk. Sections were then incubated for 1 hr

with primary antibodies diluted in the same blocking solution. Polydond anti-trk A,B

and C antibodies (Santa Cruz, CA), polyclond anti-vitamin Ds receptor (Santa Cruz,CA),
monoclond anti- proliferating call nuclear antigen (PCNA) (DAKO, CA) and monodiond
anti-p75 antibody (mc 192, Neubody, Hinders University, Audrdia) were used at the
concentrations of 2 ng/ml, 2 ng/ml, 8 ng/ml and 10 ng/ml  respectively. Negdtive
controls were performed by omitting the primary antibody or by a 2 hour pre-incubation
of the primary antibody with afive fold increased concentration of the corresponding
blocking peptide. Sections were washed in PBS, incubated for 1 hr at room temperature
with the gppropriate biotinylated secondary antibody (diluted 1:200 in PBS containing
0.5% BSA), washed in PBS and incubated for 1 hr with an avidin-biotin-horseradish
peroxidase complex (1:50, Vector labs, Burlingame, CA), rinsed and findly incubated for
5mininTris-HCI (0.05 M, pH 7.6) containing the chromogen diaminobenzidine (DAB,
0.05%) and HO- (0.004%). Sideswere dehydrated and mounted in Depex. Photogr aphs
were taken on an Olympus microscope with adigitd camera (Apogee Insruments) and

Optimeas software.

Brain Morphology
Comparisons of brain and body weights were made on pups from amedian litter 5ze (n =
11). In the breading program atotd of ninelitters of this Sze were produced from both



deplete and control groups. Two maes and two femaes were used in this sudy from
each litter making atota of 36 pups from each group. All morphologica changes
reported occurred independent of sex. Brain region area, length and width messurements
were made from digitised section images (x20) that were anadlysed usng NIH image
software. Corticd and ventricle volume estimations were made from randomising aseries
(1in 15) of sections through the whole structure under congderaion. Volume esimations
were then made usng Cavdieri’s principd

V=3a APt
where V isthe volume of the fructure; & A isthe sum of the cross-sectiond areas; P is
the inverse of the sample fraction ; and t isthe section width (Gundersen and Jensen,

1987).

Other morphologica observations were made on sngle sections usng well-defined
landmarks. Hippocampal, brain width and 3 ventricle area measurements were made on
aseriesof three Sngle sections & alevel conggtent with the anterior portion of the
thalamus, the widening of the optic chiasm and immediately pogterior to the decussation
of the corpus calosum. Cortica depth and callasum thickness measurements were made
on aseriesof three angleforebrain sections a the leve of the decussation of the anterior

commissure.
Apoptosis, mitosis and cell density counting

For these sudies, sections from 10 control and 10 deplete neonates with an equa number

of maes and femaes were usad. For esch animd, thr ee brain sections were assessed. On
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each section, four pedific regions from both hemispheres were examined:- In this study
we limited our examinationsto 4 brain regions. The hypothaamus was chosen due to its
centra role in endocrine function in the brain. The cingulate gyrus was sdected asa
representative cortica region. The dentate gyrus was chosen as arecognised Site for post-
natd neurogenigs (Altman and Das, 1965). The basal gangliadamygdda was investigated
due to the abundant presence of VDR'sin thisregion in the rat embryo (Veendraet d.,

1998).

To edablish the presence of gpoptotic nuclel sections were dried and incubated in the
dark for 30 minutesin PBS solution containing 1 miVl of bisbenzimide (Hoechst Blue
33258, Sigma). To etablish whether acdl was undergoing mitoss, 3 sections from the
immediately pogerior dide were immunohistochemically sained for PCNA. Sections
were viewed (800X) usang animmersad lens and cdlswith strong immunochemica
ganing for PCNA or obvious nuclear fragmentation (Figure 2) were counted from
digitised images. The tota number of cells could dso be determined in these sections as
hoechat blue gains dl cdls and in the case of the PCNA stained cells, phase contrast

images could be counted.

Cdl numbers were estimated in each section using the method of Abercrombie
(Abercrombie, 1946).

Nc= Na (T)/(T+D)
where Nc isthe corrected number of nucle whose centres lie in the plane of the section,

Naisthe actud number of neurond profiles counted in the area of the section, T issection
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thickness (8 uM) and D isthe average diameter of the cdll nude in each section.
Cdculaionof Nc issubject to error dueto overestimation of D when the smdlest nudear
ssgments within the section are missed (Weibel, 1980). In the present use this error
should be smilar in control and deplete groups since the nudear profileswere of Smilar
ovoid shgpein dl sections. Furthermore, there were no sgnificant differences between
the average minimum nuclear profile areasin the control and deplete groups (compared
by t-testsfor each of the brain regions). The corrected numbers of cdll nuclel represent

the numbers whose centreslie in the plane of the section.

Digstised images were assessed using NIH image software. Quantitation was performed
blind to group status by two independent observers. Inter-rater reliability was > 907 %.
Each count was expressed as a percentage reldive to tota cell number and cdll dengty

was expressed per unit of surface (e.g. % apoptotic cdlsmn).

Proteinanalysis

Brains were homogenised using glass potter goparatusin 1 ml of cold 0.32M sucrose
containing a protease inhibitor cocktall (Boehringer Mannhem) and 1mM
phenylmethylsuifonyl fluoride, and were stored frozen. The protein concentration of
homogenates was estimated using acommercid Bradford assay (Biorad CA). Totd brain
vitamin Ds receptor dendty was quditatively assessed by western blot using the same
polyclond antibody used for immunohisochemigtry. Brain neurcfilament and glid

fibiliary acidic protein (GFAP) content was assessed by western blot using antibodies

from SgmaMo. and DAKO (Denmark) respectively. Free levels of nerve growth factor,



(NGF); Glid derived neurotrophic factor, (GDNF); Brain-derived neurotrophic factor
(BDNF); and neurotrophins 3 and 4 (NT-3, NT-4), were established usng commercid
ELI1SASs (Promega WI). Specific protein concentrations were expressed reltive to total

protein concentration.

Rever se transcription-PCR of neurotrophic factors and their receptors

Brainswere homogenisad in Solution D (4M guanidinium thiocyanate, 25mM sodium
citrate, pH7.0; 0.5% sarcosyl, 0.1M 2-mercaptoethanal). Totd RNA wasisolated as
described by Chomezynski and Sacchi (Chomczynski and Sacchi, 1987). Superscript
Choice Sysem (Life Technologies) was used for reverse transcription of 5 ng of totd
RNA from 10 control animds and 10 vitamin D3 depleted animas. PCR conditionswere
optimised by varying MgCl, concentration and cyde number to determine linesr
amplification ranges for each primer pair. PCR products were identified by sze and
confirmed by DNA sequencing. Results are expressed asthe optical density of PCR
product relative to the optica dengty of Glycerddehyde-3- phosphate dehydrogenase

(GAPDH).

Satistics

All comparisons were conducted blind to trestment. Most Satistical comparisons between
those animals raised under vitamin D; norma and deplete conditions were by ANOVA.
Where just asingle variable was compared between two groups, Sgnificance was
assessad by an unpaired t test. \When comparing immunohistochemical response p75™"

comparisons were meade by coding and randomising sections followed by visud
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assessment by 2 raters. Predefined levelsfor postive (dark saining) and negetive
responses (light staining) were established. Greater than 95% agreement was achieved in
the assessment between raters. This descriptive data was assessed using Fisher’ s exact

test. In al andyses P< 0.05 represented the leve of sgnificance.
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Results

Vitamin D3 depletion changed the shape and size of the brain

Weinitidly invesigated whether vitamin D3 depletion dtered any gross morphologica
features of brain and discovered severd substantid changes (Tablel). Vitamin D-
depleted pups were heavier than the control animds and their brains were heavier but the
raio of brain to body weight was not Sgnificantly different (Table ). Vitamin D-depleted
pups had hemispheres that were larger and longer but not wider leading to alarger
length/width ratio (Table1). The larger, longer cortex was associated with alarger laterd
ventride volume (Hg 1A B). The other ventricular ructures were undtered. Laerd
ventrides in the depleted group were double that of the controls even when corrected for
the increased hemispheric volume (Fig 1C, D). We next investigated whether the larger
ventricle volumes were achieved through a reduction in the Szes of sructures
surrounding them. To this end we meesred the width of the corpus calosum, the cross-
sectiond area of the hippocampus and the thickness of the adjacent neocortex. Inan
absolute sense these Sructures were similar in trested and control groups, but when
normdised for whole-brain cross- sectiond area the neocortex was shown to be thinner in
the vitamin Ds deficent animals (Teble ).

Table 1 about here

Figure 1 about here

15



Vitamin D3 depletion increased the number of mitotic cells
We invedtigated whether the increased sze of the brain was due to an increase in rate of

cdl proliferation or adecreasein the rate of cdll degth. The baance between cdll birth
and desth regulates the number of neurons and gliaiin the brain and contributes to overall

brain volume. Cdlswith characterigtic saining for mitogs and gpoptossare shownin
figure 2.

Figure 2 about here

Cdl prdliferation was higher in vitamin D-depleted pups compared to controls (Figure
3A). The percentage of cellsin mitosswas quantified in four areas: the dentate gyrus of
the hippocampus, the hypothalamus, the basal ganglialamygdda, and the cingulate gyrus
of the cortex. Vitamin D;s-depleted pups had twice the number of cdlsthat were mitotic
in thefirg three of these regions but nat in the cingulate gyrus (Figure 3A). The
percentage cdlsimmunopostive for PCNA in these regions varied between 0.5 and 0.1
%. These counts were made only a a sngle time-point - a birth - and hence represent an
incomplete andysis of cdl proliferation in the developing brain. For example, cdll
proliferation has usudly finished in the cortex at birth so that changesin cdl proliferation
in the cingulate gyrus may have been missed. In contradt, cdll proliferation in the dentate

gyrus continues into adulthood (Eriksson et d., 1998).

Andysis of cdl degth in the brain did not reved any satidticdly sgnificant differences
between vitamin D-depleted pups and controls, athough there was a dight decrease in
gpoptotic cdl numbersin dl brain regions sudied (Figure 3B). Vitamin D; depletion did

not dter cell dendty in any brain region examined (Figure 3C). These cdl counts of
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mitotic cells, gpoptotic cellsand cdl densities represent the number of cdlsin two-
dimensiond sections of the regions studied and are therefore comparable with each other.
Thusin the absence of achangein cdl dengty, we condude that vitamin D3 depletion
leads to an increased proportion of celsin mitoss without a baancing increesein the
proportion of callsin gpoptogs. These observations are conggent with an overdl growth
in the Sze of the brain aswe observed (Table ).

Figure 3 about here

Vitamin D3 depletion decreased expression of NGF and GDNF

Given therdle of vitamin D3 in promoting NGF and GDNF expressonin cdl lines, we
investigated the effect of vitamin Ds depletion on these and other neurotrophins. Growth
fector protein levels were quantified in whole brain extracts usng acommercid ELISA.
Vitamin D3 depletion decreased free NGF and GDNF levels by 17 and 25% respectively,
compared to controls. (t-test P < 0.05 n=14) (Figures 4A and B). The protein expresson
levels of the other three neuratrophins (BDNF, NT-3 and NT-4) were not affected by
vitamin Dz depletion (data not shown). Vitamin D3 depletion did not affect the expresson
of the mRNA for any of these growth factors, when assayed using semi-quantitative RT -
PCR (Figure 4C).

Fgure 4 about here

Vitamin D3 depletion decreased expression of p75" < but not other neurotrophin

receptors
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We investigated whether vitamin D; depletion would dter the expression of neurotrophin
receptors throughout the brain. We observed an obvious decreasein p75" " R expression.
In controls p75N T Rimmunoreactivity was most striking in the sriatermindlis. Staining
was d 0 present in the basal ganglialamygdda, laterd hypothaamus, optic tract and
cortex. In the neonata cortex trk A and p75™ " Rimmunoreactivity appesred to be present
indiginct bands. Trk A was redtricted to the outer supragranular layer (data not shown)
and p75" TR appeared restricted to the inner infagranular portion. In dl regions p75N ™R
immunoreactivity was dragticdly reduced in the vitamin D-depleted pups (P<0.001,
Fisher'sexact, n =12) (Figure 5). Vitamin Dz depletion did not affect the expression of
MRNA for trkA, trkB or trkC the neurotrophin high affinity receptors. However in
paralld with the greatly diminished immunohistochemica expression of p75™ 'R there
was a30% decrease in expression of p75™ TR mRNA in whole brain extracts (ANOVA,
P<0.01, n=10, Figure 4C).

Figure 5 about here

Vitamin D3 depletion did not affect expression of the VDR or the ratio of neurons:glia

We invedtigated whether vitamin Ds depletion would regulate the expression of its

nuclear receptor. There was no difference between vitamin D-depleted pups and controls
in the expression of the vitamin D5 receptor throughout the brain (detanot shown). This
was confirmed usng Western andysis of whole brain extracts (Figure 6). Asan

indication of the rdative changesin neurons and gliain whole brain we investigated the

ratio of neurofilament protein (as amarker of neurons) and GFAP (as amarker of

18



adrocytes) reldiveto tota brain protein in extracts. These ratios were not affected by
vitamin D3 depletion (data not shown).

Figure 6 about here

DISCUSSION

We show here sgnificant changes in brain development induced by vitamin Ds

defidency in utero. Vitamin D; deficiency affected brain grass morphology, cdlular
proliferation and growth factor Sgnaing. These changes were subgtantia: a 30% increase
in hemigphere length, a200% increese in laterd ventricle volume, adoubling of the
mitatic rate in certain brain regions and decreases of 17%, 25% and 30% in the

expression of NGF, GDNF and p75" "R respectively.

Rat pups were bigger a birth in the deplete group. Their brans were aso proportiondly
larger (Tablel). Thisincreasein brain Sze was reflected in longer, but not wider,
corticiesimplying adigortion in the way the cortex was formed during embryogeniss
rather than Imply an increesein overdl brain Sze. It isunlikely thet these shape changes
are aconsequence of vitamin-D rdated dteration in skull bone growth. The
neurocranium derives from intramembranous ossification which isdriven to alarge

extent by the shape and size of theunderlying brain (Moss et dl., 1987).

There was asgnificant increase in the proportion of proliferating cdls throughout the

bran in vitamin D3 depleted neonates. There was aso less gpoptogisin dl regions,
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dthough thiswas not satidticaly significant. Although it is not possible to modd the
populaion dynamics of cdl proliferation and surviva from andysis of asngletime

point, these observations are condstent with the overdl increase in brain volumein the
deplete group. We do not know which cdll types contribute preferentidly to the larger
brain seen in the vitamin D3 defidient animas. However a quditative andyss of whole
brain content of GFAP (an indicator of astrocyte number) and neurofilament (an indicator
of neuron number) by western blot reveded no gross differences between control and
depleted brains (data not shown). From this analysis the larger brains would be consstent

with both more neurond and glid matter, ether in cdl numbers or volume or both.

In other tissues, vitamin Ds isantiproliferative eg. heart (O'Connell et d., 1997); gut
(Menard et d., 1995); kidney (Weinreich et d., 1996) and promotes gpoptossin avariety
of maignant cdlseg glioma (Naveilhan et d., 1994; Baudet et d., 1998; Canovaet d.,
1998); breast cancer (Mathiasen et d., 1999); colon cancer (Vandewdleet d., 1995). Our
findings of increased proliferation and decreased apoptosisin the brain indicate thet

vitamin D3 may have amilar effects on the cdl cyde of neurond and glid precursors as

it does on other proliferating cells. For example, 1,25- dihydroxyvitamin D; down-

regulates cydins, proteins that govern trangtion points through the cell cyde (Laud et A,

1997), and up-regulates the proto-oncogene c-myc (Baudet et d., 1998).

Vitamin D3 may aso affect neurona and glia populaion dynamics becauseit directly
regulates the expresson of severa neurotrophic factors. Vitamin D3 upregulates protein

levelsof both NGF (Wion et d., 1991; Neveu et d., 19945 Neveu et d., 1994b; Musol



and Fddman, 1997) and GDNF (Navellhan et d., 1996b) in vitro and inthe brain
(Saporito and Carswell, 1995). The trophic actions of NGF on chalinergic neuronsin the
basd forebrain and GDNF on basa ganglia dopaminergic neurons are well known but
less attention has been devoted to their role in development of other parts of the brain.
The amount of NGF does not rise to its maximum leve until two weeks efter birth (Ip et
a., 2001). Therefore areduction initslevels may be more Sgnificant & later
developmentd stages. GDNF is expressed in atime- and region pecific manner
throughout the brain during development and is an important regulatory agent in this
organ (Ikedaet d., 1999). In periphera neurons GDNF acts as a chemoattractant and
may modulate neurond migration (Young et d., 2001). The gpparent down-regulation of
NGF and GDNF protein compared with mRNA may reflect the poorer quantitative power
of RT-PCR compared with ELISA. Alternately this may even reflect pog-transcriptional
regulation Smilar to that olbserved between vitamin D and the down regulation of

Tropodadin (Pierce et d., 1992).

It istempting to corrdate the reported changesin cdl proliferation and cdl deeth with the
reduction in neurotrophins and neurotrophic receptors observed here. However vitamin
D3 isdearly nat the only regulator of the expresson of these neurotrophic factors
(Carswdl et d., 1992; Saporito et a., 1993) nor the only regulator of cdlular
differentiation. Additionaly other neurotrophins may aso affect these processes yet have

different trgectories during development. Therefore to make such aconduson & this

stage would gppear priminary.
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The reductionsin NGF and GDNF content in brain correlated with a griking reductionin
both the expression of p75"' " *mRNA and itsimmunchistochemical response. Vitamin Dz
responsive dements are present in the promoter region of the p75"' ' gene (Naveilhan et
al., 19964). Vitamin D3 aso regulates p75" TR expresson in gliomaodls, (Naveilhan et
a., 19965, Baas et d., 2000). In the present study we examined p75~ TR
immunohistochemicaly in medid sections from brain regions where this receptor is
known to be prominently expressed i.e. sriatermindis, the basd gangliadlamygdda,

laterd hypothalamus and the infagranular portion of corticd plate (Y an and Johnson,
1988). In these regions vitamin Ds depletion virtualy abolished p78" TR
immunoreectivity. The locdlisation of p78" " Rin these regions overlaps consderably with
the digribution of the VDR inthe brain (Veendtraet d., 1998). The Sriatermindis has
congstently been shown to contain the greatest dengity of uptake Stesfor 1,25
dihydroxyvitamin Ds inrat brain (Stumpf et a., 1982; Stumpf and O'Brien, 1987). The
embryonic basd gangliaand hypothdamus dso expressVDRs (Veendraet d., 1998;
Prufer et d., 1999). The overlgpin the digtribution of p75" "R and VDR in the developing
brain together with the reduction in mRNA and immunohistochemicd expresson of
P75V TR in vitamin D deficient neonates leads us to condude that vitamin Ds is a potent
regulator of p75" T Rin the developing brain.

The consequences of reduced p75" TR

expresson in the developing brain may be
consderable. At later developmenta stages p75" ' Ris a progpoptotic signdl to cdlswhen
coexidting trk expression is absent (Rabizadeh et ., 1993; Barrett and Bartlett, 1994,

Chao et d., 1998; Friedman, 2000). The finding thet trk A and p75™ ' R distribution are



discrete in the cortex suggests that other cdllsin the developing brain may be subject to
trk-independent neurotrophin sgnding viap7s™ ' . Assuch signding is likely to be
proapoptotic the reduction of p75" T Rin vitamin Ds deficient neonates would reduce cdll

death, condstent with our obsarvations.

VDR densty is upregulated by 1,25-dihydroxyvitamin Ds in anumber of tissues

(Darwish and Del_uca, 1993). The mechaniam is bdieved to be vialigand-induced
Sabilization of the receptor rather than increased synthess (Wieseet d., 1992). Inthe
absence of the geroid therefore we hypothesised thet the VDR might be subject to greeter
degradetion. Paradoxicaly, depletion of vitamin D did not dter the expresson of the
VDR across the neonatd brain. The regulation of the VDR may therefore be more
complicated than previoudy thought. A more quantitative comparison of VDR inthe

brain from animals depleted of vitamin D3 has not yet been done.

Vitamin D3 and brain devel opment

Although we have demondirated thet low prenatd vitamin Ds dtersbrain development in
the neonate, the long term conseguences associated with these changes remain unclear.
We speculate that the dtered morphology, the increased rate of mitosis, and the
disruption in neurotrophic systems, may deflect the normd trgectory of brain
development and involution across the life span. In this report we have concentrated on
the effects of low maternd vitamin D on brain development in utero. Given that we show

maternd deprivation of vitamin D affects the foetd brain a the gross morphologicd,
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cdlular and molecular levels, sudies examining the impact of hypovitaminogs D on
postnata brain devel opment and functioning now appears warranted. Future studies will

need to examineif less severe maternd hypovitaminoss D intherat is also associated

with atered brain development in the neonate. In addition, it would be of interest to
exploreif there were critical periods during pregnancy associated with incressed
vulnerability to hypovitaminoss D. Thisis of course difficult to Sudy in amaternd rat
given thelong hdf-life of this seroid (2-3 weeks) and its short gestationd period (22
days). Such a study would be more gppropriate in an animd with alonger getationa
period such as aguinea pig (68 days).

Our findings contribute to the growing recognition of the important role of geroidsin
brain development and adult brain function (Melcangi and Panzica, 2001; Puiaand
Bddli, 2001). Steroids such as pregnanolone promote microtubulin polymerisation
(Murakami et d., 2000) and mydin synthess (Garcia- Segura and Wise, 2000), and
dehydroepiandrosterone induces neurite extenson (Compagnone and Mdllon, 1998).
Confirmatory studies showing aonormd brain development in vitamin D related knock-
out models have not yet been published. Studiesin mice that have had the receptor for
vitamin D or the enzyme responsible for its synthess, CY P27B1, knocked out have not
reported obvious brain defects. We therefore await sudies that focusther effortsin this
direction. Nevertheless, the weight of experimentd data presanted here supportsthe

hypothes s that vitamin Ds isinvolved in brain development (McGreth et d., 2001a).
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Theideathat maternd vitamin Ds insuffidency may induce long-lagting changesiin foetal
brain development is supported by studies on other steroid hormones. Nutritiond

interventions have created prolonged or permanent effects on other agentsthat are
mediated via nudlear receptors such as the glucocorticoids and thyroid hormones
(Dauncey et d., 2001). These changes, in turn, can profoundly influence normal
development. Additiondly deficienciesin ather nutrients have been linked with
abnormadlitiesin brain devd opment (i.e. folate and neurd tube closure, iodine and

cretinigm) (Brown et d., 1996).

Although the public hedlth implications for low prenatd vitamin Ds in the CNS are not

undergtood this firg sudy providesthe firgt biologica evidence thet low maternd

vitamin D could impair brain deve opment.

25



Figure Legends

Fg 1. Ventricular enlargement in the brains of vitamin Ds depl ete neonates
Representative examples of control (A) and vitamin Dz deplete (B) brain sections,

Bar = Imm.

(C) Laterd ventricular volumes. * (t =247, df = 11, P=0.011)

(D) Ventricular volumes as aratio of hemsphere volume* (t = 1.93, df = 11, P=0.033).

Bar graphsindicate means+ SEM.

Fg 2

(A) Mitdtic cdls exhibiting characterigtic immunohisochemica gaining with anti-PCNA
antibody (arrow), nonmitotic cdl (arrowheed).

(B) Apoptatic cdls exhibiting characteridtic fragmented nuclel (arrow) and non-gpoptotic

cdls (arowhead) sained with bishenzimide.

Fg3

(A) Vitamin D3 depletion increased the percentage of cells undergoing mitosisin the
dentate, * (P<0.001); hypothdamus, * (P<0.05) and basa ganglialamygdda, * (P<0.05),
but not the cingulate, (ANOVA, Bar grgphs indicate means + SEM, n=10).

(B) Vitamin Ds depletion gppeared to decrease the percentage of cdlls undergoing
gpoptogsin dl four brain regions investigated but this was not Sgnificant.

(C) Brain cell densitiesin vitamin Ds deplete and control animéls (cdlls’ mn™).

Vitamin D3 depletion did not dter cdl denstiesin any brain region investigeted.
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Fg4

(A) Vitamin D; depletion decreased the amount of NGF protein in the neonata brain,

ng/g protein (n=14+ SEM) * (P < 0.015 unpaired t-test).

(B) Vitamin Ds depletion decreased the amount of GDNF protein in the neonatd brain,
ng/g protein (n=14+ SEM) * (P < 0.01 unpaired t-test).

(C) Sami-quantitative RT-PCR data showing expresson of neurctrophic factors and
sdective neuratrophin receptors is undtered by maternd vitamin Ds depletion. The non
sdective neurotrophin receptor p75™" was the only factor reduced 30% (n=10 + SEM) *
(P<0.01 ANOVA). Resllts are expressed as the opticd density of PCR product rdeive to

the optica densty of Glycerd dehyde- 3-phosphate dehydrogenase (GAPDH).

FHg5

(A). p78" TR immunoreactivity was prominent in the infagranular portion of the cortex in
control animals, (1); basal ganglialamygdda, (2); laterd hypothdamus, (3); and the stria
termindis, (4).

(B) Vitamin Dz depletion appeared to drastically down-regulatep75N TR
immunoreactivity. Sections were coded, randomised and assessed visudly (P<0.001

Fisher' s exact test, n=12). Bars= 1mm.

Fig6
(A) Western blot showing no decrease in the Vitamin Ds receptor protein (VDR) in

deplete (lanes 5-8), compared with control animas (lanes 1-4).
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(B) Sami-quantitation of VDR by dengtometry.

Bar graphsindicate means+ SEM (n=14).

Figure Captions

Fig.1. Vitamin D depletion induces ventricular enlargement

Fig.2. Characterigtic mitotic and gpoptotic cdls

Fig.3. Vitamin D; depletion increases mitogsin the brain

Fg.4. The effect of vitamin Ds depletion on neurotrophic factorsin the brain
Fig.5. Digtribution of p758" ™R in amedid rat brain section

Fg.6. Vitamin D; depletion does not dter the levels of its own receptor
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Table 1. Effect of vitamin Ds depletion on grossand regional brain mor phology

Parameter Control Vitamin D; deplete
n=12 n=12

Body weight g 559 +011 624+ 0.12, ***

Brain weight g 0.26 +0.005 029+ 0.003, ***

Brain weight asaratio of body weight 4,09 £ 005 x10E-3 419+ 005x10E-3

Hemisphere length mm 499 +£023 633+ 0.29, **

Hemisphere width mm 740+0.27 7.74+ 026

Hemisphere length/width 050 + 006 066+ 005*

Combined cortical hemisphere volume (mm?®) 86.61+7.73 1288+ 6.26 ***

Total lateral ventricle volume (mnr) 084 +017 241+ 0,56 **

Total latera ventricle volume as a% of 044 +007 096+ 024*

hemisphere volume

39 ventricle areaasa% of brain cross-sectiona 0.4+ 007 042+ 006

area

Hippocampal cross-sectional areaasa% of brain 259 +0.12 259+ 010

cross-sectional area

Cortical mantle thicknessasaratio of brain 346 +0.36 x10E-1 258+ 0.09x10E1 **

cross-sectional area

Corpus callosum width mm 037 +£009 0.37+ 006

(mean + standard error)
* P<0.05 compared with control
** P<0.01 compared with control

*** P<0.001 compared with control
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Table 1 Effect of vitamin D3 depletion on gross and regiond bran morphology

Parameter Control Vitamin Ds deplete
n=12 n=12

Body weight g 559+ 0.11 6.24 £ 0.12, ***

Branweght g 0.26 + 0.005 0.29 £ 0.003, ***

Brain weight as aratio of body weight 409+ 0.05x10E-3 4.19+0.05x10E-3

Hemigpherelength mm 499 + 0.23 6.33+0.29, **

Hemigphere width mm 740+ 0.27 7.74+£0.26

Hemigphere length/width 0.50 = 0.06 0.66 £0.05*

Co[[rn?bined cortica hemisphere volume 86.61+ 7.73 128.8 £ 6.26 ***

(mnT)

Totd laterd ventride volume (mn) 0.84 + 0.17 241 056 **

Totd laterd ventride volume as a % of 0.44 + 0.07 096+0.24*

hemigphere volume

3'"dventricle areaas a% of brain cross- 0.4 +0.07 0.42 +0.06

sectiond area

Hippocampa cross sectiond areaasa%  2.59 + 0.12 259+0.10

of brain cross sectiond area

Corticd mantle thickness asaratio of
brain cross-sectiond area

Corpus cdlosum width mm

3.46 + 0.36 X10E-1

0.37+0.09

2.58 £ 0.09 Xx10E-1 **

0.37+£0.06

(mean £ standard error)

* P<0.05 compared with control

** P<0.01 compared with control
*** P<0.001 compared with control



