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Summary

Three weeks before mating, two groups of SWISS OFl mice were fed a diet that
was similar but contained either peanut oil poor n alpha-linolenic acid [18 . 3 (n-3)]
(n-3 deficient = deficiem mice = (n-3)") or peanut + rapeseed oil rich in alpha-
linolenic acid (n-3 nondeficient = controls = (n-3)*) Pups. fed the same diet as their
dams, aged 45 to 62 days were used for brain lipid amalysis and for behavioral
experiments, aimed at determining whether there is a relation between the dietary
intake of alpha-hnolenate and a simple form of learning habituation The behavior
of mice was compared using four models exploration recorded in a photocell
actimeter. actiity in an open-field, duration of ummobility in the forced swimmung
test and number of escape antempts from a small closed space Habituation was
measured by testing the mice in the same situation after some time had elapsed since
the first test Exploration in the photocell actimeter was significantly reduced
between day | and 4 in nondeficient mice, but. not in deficient mice The number of
square crossings in the open-field was significantly reduced on the second test
neither in the control nor in the deficient mice [n the forced swimming test, the
habituation (increase in duration of immobility) was significantly greater (255%) m
nondeficient than in deficient ouce (163%) In the escape attempt expeniment, the
habituation showed a trend to be greater in controls than in deficient mice (p=0 061)
and was significantly greater in females than in males (p=0.028) These resufts
suggest that a2 simple form of learming, habituation, occurs more slowly in mice fed a
diet deficient in alpha-linolenic acid
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The brain concentration of lipids is very high (the highest after adipose tssue) and a change in
_their composition could alter brain funcuoa. Alpha-linolenic acid (18 3 (n-3)) is synthesized in plant
but not animal tissues it must be supplied by diet Following ingestion. a-linolenic acid is
converted to long chain. hlghlv unsaturated farty acids Oune of them is docosahexaenoic acid (22. 6
{n-3)) which 1s one of the l'ﬂle( unsaturared fatty acds of phospholipids i1n several tissues including
which brain It has been shown that a diet deficient in alpha-hinolenic acid results in altered
composition of cells, organelles and synaptic membranes in the nervous system and leads to
enzymatic perturbation. electroretinogram anomalies.earher mortality in response (0 an intra-
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peritoneal injection of a neurotoxin, triethyitin, and reduced learning ability ( 1,2,3,4 ). The aim of

. the. present study was to assess the effect of a diet deficient in 0-3 fatty acids on a simple form of
learning: habituation. This choice is based on the lack of experiments relative to this form of

learning. [n addition, the different models used have been choses to avoid the interference of a

. motivational component (such as bhunger) or sensory composents (such as pein or visual

perturbation) as recommended recently by Wainwright ( S ) who underfined the pitfalls to be
avoided in the interpretation of the effects on leamning behavior . “when asserting cognitive
differences, the onus is on the experimenter to demonstrate that the observed behavioral effects are

_independent of those on motivational or sensory thresholds®.

Methods
. Subjects : Female (Swiss OF 1) muce originating from [FFA-CREDO (L'Arbresle, France) and

.. bred in our laboratory were divided into two groups three weeks before mating. The two groups
.. were then fed purified diets that were similar except for kpids. The total amount of lipids was 6% in
.+ ..cach.diet In the group fed a diet deficient in a-finolenic acid [(a-3)], the lipids were peanut oil
- .-contaming 1200 mg of linoleic acid (18 :2(n-6)}/100 g diet and traces of a-Enolenic acid (18 . 3(n-
3))/100 g diet. [n the group fed the coatrol diet {(n-3)*], the lipids were a mixture of peanut oil and

rapeseed ol containing 1200 mg of linoleic acid (182 (n-6)] / 100 g diet ; and 200 mg of a-
linolenic acid [18 3 (n-3))/100 g diet. Diets were given ad hbitum Theqmlityoﬂheoilsusedwu

. -carefully examined with regard to fatty acids and antioxidants The toxicological analysis
. - (performed by the Institut National de la Recherche Agronomique - Dijon - France) showed the
- lack of any contaminants and a non-detectable level of oxidized fatty acids or of “trans® structures.

‘The diets were prepared by the Institut National de ta Recherche Agronomique (INRA-CNRS).
78350 Jouy-en-Josas, France. The pups from 12 dams in the (-3} diet group and from 9 dams in

,  the (n-3)" diet group were fed the same diet as their dams and were used for behavioral tests from
. day 45 on . Breeding and experimental rooms were thermostatically maintained at 21 + 1°C As

weaning all pups were gathered in four large cages . one cage for each of the four groups (n-3)"
males, (n-3)- females, (n-3)"males. (n-3)*females Then S to 7 pups taken at random from each

. .~ group were gathered in the same cage Experiments were performed between 10 a.m and 4 p.m by
- an observer blind to the diets.

ipé is | Four male mice (55 days oid) of each group were anesthetized with diethylether
and killed by decapitation. Forebrains were quickly removed, lyophilized aad stored at -70°C umtil
the hpnd analyses were performed Heptadecanoic acd was added as mternal standard and the
forebrain total farty acids were transesterified according t0 the method of Lepage and Roy ( 6 ).
The methyl esters were analyzed on a Delsi gas chromatograph equipped with a flame ionization -
detector and a silica capillary column (length 25m, internal diameter 022 mm. stationary phase
BPX 70 SGE France). Heltum was used as the camer gas. The oven temperature was programmed
to maintain 165°C foc 12 min, then to increase by | 5°C/mun up to 215°C; the impector and detector
temperatures were maintained respectively at 230°C. and 250 °C. Peaks were identified by
comparison with authentic commercial standards and with mixtures of known fatty acid
composition. Areas were calculated with 2 Merck-Hitachi 2 S00 integrator, and fatty acid
.concentrations we:;,reponed as percent of total fatty acd content

Actimeter . A photocell actimeter (APELEX, 91300 Massy, France) was used. Mice were
individually placed in macrolon cages (25x20x10 cm) equipped with 2 infrared photoelectric cells
(in the middle of the longer and shorter sides) 2 cm above the floor The cages were located in an
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- days old, were used. \
Wmmmqumma
thenmnuls:modnacumﬁasmdmmmmﬂymordedformm
, k ) 0ise . On day | animals were placed in an actimeter
andmeexplomwywumymmadedforSmna.thendnmmrephoednthar
maintenance cage. On day 4, these mice were again placed in the actimeter, their activity recorded
for S min and then a noise was produced just in froat of the actimeter This noise consisted in one
timer ringing 4 consecutive umes. Motor activity was recorded for a further 40 min.

- Open-field : Mice, 55 days old, used in this experiment had undergone the actimeter experiments
-~ 10 days earlier. A wooden white painted open-fiedd (50x50x25 cm) in a bght and ‘sound attenuated
.+ chamber was used. The floor was divided by black lines into 25 squares (10x10 cm). An object was
- _placed on square 2,3 A mouse placed in the middle of the open-field was dbserved for S mamutes.

. .The number of squares crossed and, rearings against the walls were counted as'well as the number

‘ explonnomoftheobyeamdofdefeanom Tbeexpa‘tmanw:srepatedondayzmme
mncetatedmthesameorduuonday

. Escape attempts : Naive male and femaie mice, 45 daysold.mused.kﬁcemhdivi&nﬂy

tested under a transparent beaker (height 14 cm, diameter' 10 cm) inverted on- 2 rough surface
glass plate. The number of escape attempts was counted for the first 2 min of observation. An
attempt at escape was defined as any one of the following. (a) the two forepaws were leant against

. - the wall of the beaker, (b) the mouse was sniffing, its nose into the spout of the beaker, (c) the

| _mouse was scratching the glass floor. There was no minimal duration for one anempt. For a
longlasting attempt, 3 new attempt was counted for each period of 3 sec. Them!xpemnalwas

,’ . pa’formed?ounmnth'eehwnm«v:ls

Forced swimming test mmkmwmmmmuwmm
attempts or actimeter experiments 12 days earlier | so, they were 57 days old. On day 1, mice were
individuaily forced to swim inside a beaker (height. 18 cm, diameter: 10 cm) comtaining 12 cm of
water maintained at 23+ 1°C from which they cannot escape. At the beginrung of the test, the mice
swim vigorously, then after nearly 2 minutes they adopt a characteristic inmobile posture in they
. remain fosting in the water making only those movements necessary to keep their heads above

. water. The duration of immobility was measured separately during each of the § minutes of the test.
After 5 minutes in the water, they were removed and allowed to dry in a paperfurnished cage under
a lamp before being returned to therr home cage. Theymrephcedmthebakauhhamd
the same experiment was performed.

Statistical analvsis of the results . For each experiment, a univariate repeated measures analysis
. was performed, using, for more than two repeated measures, the Huynh-Feldt probability ajustment
. (7). The between-group factors were diet for the acimeter, open-field and forced swimming test,
- and diet and sex for the escape attempts test. The within-group factors were day for the actmeter
nﬂomﬁddt@;ﬁmehthmmmm,m&yaﬁ‘mbrdnwm
test.

This analysis was followed by post-hoc one sided or two sided t-tests of specific contrasts - when
. comparing the scores of control and deficient mice on the first day, or time, two-sided tests were
used , when comparing the learning performances, it was hypothesized that coatrol mice would
have the best learning results, justifying onesided tests. All results were obtained using the SYSTAT
Software (SYSTAT, inc., Evanston, L, USA).
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the (n-3)" group. the score was higher on the first day and did not decrease on the second day The
frequency of exploration of the object did not differ between the two diet

TABLE 2 -
Forebrain fatty acids
Fay acd (0-3)" dier (n-3)" chet
140 010 x001 0112002
16 0 0412042 2070:033
180 3542042 2321018
220 038002 0.40 2003
24:0 057+016 034004
T Saturated 1568203 45742036
16 10-9 0252005 0.26 £002
16 1n-7 046 =006 0432004
18 1n-9 135702 1331:029
(8 1p-7 3422016 3642009
20 1n-9 LIL*0 13 1102006
20 10-7 031=004 0342002 )
22 In-9 016002 015=001
22'10-7 0102001 011 =001
S MUFA 19382042 19352043
18 2n-6 034001 03000l ** ‘
20306 0432009 029:004° E
20-40-6 102 | 11s4z03e
22:48-6 302:018 | 389r014°e
22:50-6 0872005 | 11252083 ee
T a6 15782019 | 272720 7
22 50-3 162 =019 163 2010 .
22 6a-) 17545026 | 601201700
T o3 19162020 | 7T64=018°% !
6+ 0-3 3494 =033 34912069 iy
n-6/0-3 082:001| 357:016%

Effect of diet deficient in a-linolenic acid on the profile of fatty acids in the

forebrain of 60-day-oid mice Means (+S D) of 4 determmnations (4 mice) are

pmentedforachdnet letsareexpmsedaspeoemagaoﬁou!&nyacnds ’
p<005 **p<001, ***p< 000!
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groups either on the first or the second day The percentage of mice defecating during the 5 min
test did not differ between the groups on the first or second day , but the percentage was higher on
the second day (Table 4). .

ACTIMETER

M day 1
M day 4

Number of lighht beams

(n-3)y (n-3)

Eg 1
The number of light beams crossed was recorded for 5 minutes The means (+ SD.)
are reported for 27 mice per group.
The difference between the scores at D4 and D1 was significantly greater in the
control diet group than in the deficient diet group (=182, df=52, p=0.037, one-
sided test) The difference between the scores of the control and deficient mice on

D1 was not significant.
TJABLE 3
Reactivity to noise

(a-3) (e-3)"
without noise 7312+3256 | 5813+r2163 ‘

=12 =12 .
with notse 5994 +3708 | 5929+2310

=15 a=15

Note. Mean number (+ S.D.) of ight beams crossed in the actimeter between the .
5th and the 45th min of test without and with a noise just after the Sth minute.

TABLE 4
Open-field
Day | Day?
Rearings (0-3)* 108+115 80110
m - D (a-3)" 124+135  {130-140
Mice %n-J e 40 60
defecating % o-3 40 n
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OPEN-FIELD

Number of squares
crossed

(n-3)+ (n-3)-

Fig 2
- The oumber of squares crossed was recorded during a S minutes session. The means
- (+ S D)) are reported for 25 mice per group
There was no significant interaction between diets and days When pooling the
results of D| and D», the scores of coatrol mice was lower than that of deficient
mice (1=2 64, df=48, p=0.011, two-sided test).
The difference in the scores at D2 and D1 did not differ significantly between
coatrols or deficient mice. .

- On the first test; results were as follows number of escape attempts
(m=S E M ), females (n-3)"diet - 29.2+2.7 (n=13) ; females (n-3) diet - 21.0+2 7 (0=13) ; males
(o-3)"diet 26 8+2 7 (n=13) . males (n-3) diet - 29+3 S (n=13) Statistical analysis of the results at
time 0 showed no effect of sex or diet and no interaction. Following repeated exposure to the same
environment, the number of escape attempts decreased in each group However. the decrease was
more ripid in the (n-3)" than in the (n-3)group (Fig 3 A and B) for both males and females The
number of escape attempts (% of baseline), for the 3rd test (time 6 hours) was 37% in the (o-3)"diet
vs 22% in the (n-3)" diet for males, and 21% in the (n-3)" diet vs 13% in the (n-3)" diet for
females The effect of the diet on the curve profile (best habituation in the (n-3)*control group) was
- borderline significant (p=0.06). The decrease in the scores between time 0 and 3 bours (habituation)
was significantly higher for females than for males

Focced swimming test -+ T duration of immobility showed a similar increase with time foc the
two groups on day | (Fig. 4). On the second day the duratioa of immobility was greater than on
day | during the first and second minutes The duration of mmmobility (seconds m + S D ) for the
two first minutes was as follows: (o-3)" diet , first day 25.8 + 25 (0=36). second day 42.3 + 35. (o-
3)* diet first day 22 7 + 23 (0=30), second day 579 + 35 The duration of immobility increased
between days 1 and 2 for the two groups. however, the effect was greater (255%) i the (o-3)"
group than in the (a-3)" group (163%).
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ESCAPE ATTEMPTS Males

4 A
150+
C(n-3)+
- & (n-3)-
E 100-
§
;' S0
3
w
° 0 8
hours
ESCAPE ATTEMPTS Females
B
200-
C(n3)+
- (n-3)-

Escape mumti

-

- A-(males) and B (females). The mean number (- S D ) of escape antempts recorded
for 2 munutes was expressed as a percentage of the respective scores at time 0 13
mice were used fog each diet The repeated measures analysis showed an effect of

- sex on the curve plofiles (Huynh-Feldt € = 0956, F2¢ g96¢ = 3 62, p=0033) The
" difference between the scores at 0 and 3 hours was significantly higher for females
-~ than for males (t=2 27, df=48_ p=0 028 two-sided test) The effect of the diet on the

C ‘curve profiles was borderline significant (Huynh-Feldt € test = 0956, Fap 96 =

12934, p=0.061) .
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FORCED SWIMMING TEST
60- D TR
> -+ Dy(n-3)*
50+ D3
a 40 -.-”Di(n's)-
'5§ 307 ;> DaAn-3y
5 3' 20
®
b 101
8
0
0

Fig 4
The duration of immobility ( seconds . means) is shown for 36 muce in the (n-3)"
group and 30 mice in the (n-3)* group
A repeated measures analysis at Day | showed no influence of dets oa either the
profile of the curves or their levels during the S minute test
A repeated measures analysis with within-group factors day and time (limited to
the first 2 minutes) showed a sigmificant diet x day interaction (F| g4= 5 22,
p=0026) The differences between the scores on day 2 and day 1 were
significantly higher in the control groupthanmmedeﬁaemmefotho(hthe
first munute (=2 28, df=64. p=0.032. one-sided test).

Discuss

The results of the present study show that dietary restriction of n-3 fanty acids from three weeks
before conception until sexual maturity markedly alters forebrain farty aod composition. but does
not significantly modify baseline activity of mice though it reduces their speed of habituation.

Results of the biochemical analysis show that in mice fed the (n-3)"daet. the major alteration in
forebrain total fatty acid composition was a pronounced reductioa in the content of 22 = &(n-3)
compensated for by an increase in the (n-6) fanty acids, 22 S (n-6) and to a lesser extent 22 4 (n-
6) and 20 4 (n-6) These results are in keeping with previous biochemical data obtained in rats fed
a (n-3) deficient diet ( 1.3 ) . meymggesuhatthcbdnworﬂmodnﬁmmsmyraukﬁomme
" modified leveis of bran fatty acids - ‘ . T

Several studies have isvestigated the effect of a reduced intake of n-3 faty acids on me,gemru
activity of rodents. Yehuda ( 8 ) did not observe any change in the motor activity of rats placed for
L'S min in a novel enviroament following 21 days of diet Bourre et al ( | ) d&id not find any change
ether in the motor activity recorded for one hour in a novel environment or in the openfield explo-
ratory activity observed for 5 mun in rats fed a deficient diet for three generations. For Enslén et al.

2 ). dietary restriction of o-3 fatty acids in rats. begmning in the dams 6 weeks befdce mating. de-
creased exploratory activity (at 60 mun) in 2 novel envircament without modifying spontaneous
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locomtoracu;uty(u 12 h after 17 h habituation) The present results fit well with those of Bourre
eul (l) Ensleneul (Z)MYM(S)forspaumulomormty ’

Regudmgexplomorybehavm ummmmmmmm f the level of

. k ’;‘:‘oqﬂammunybemfared&omdnmﬁmmeﬁrmSmnamvdmmdmw

;:fmm:mmmmemm&cwa-ﬁﬂdmmﬂowuym«mms-
tivity in mice submitted to dietary festriction of n-3 fatty acids . in agreement with previous results
from our laboratory obtained in rats ( 1 ). in the open-field-test, the exploratory activity of (n-3)
* deficient mice, as measured by the number of squares crossed, was higher than thst-of {a-3) coatrol
mice ; mmmmm«sumgn(z)\mmmmmmm
~dumonoﬁhetmmtheaplauaybdnmmmdeddmn360mmth&ﬂ‘aumph-
cations than that recorded during S min. Alternatively, some other parameters such-is the species

» v~v~.:1ndthee:pamndcondmommyberapoosbkhadmmemsofadmad(2)were
- housed one per cage whereas our mice were housed 5-7 per cage and it is known that isolation can

* inerease reactivity 1o novel situations ( 9.10 ). Therefore it is possible that the decreased openfield
'~ exploratory activity ofmsfeda&adeﬁaemmdph-hml«ncaadrmhsfrommmn
‘between the diet, the species and the isolated housing.

The number of rearings in the open-fiedd did not differ berween the two diets on either the first or
- second diy In the open-field test, the number of square crossings and of rearings are considered

L compilex measures of both exploratory activity and emotional reactivity, whereas defecation appears

.. more simply an index of emotionality So, the lack of difference between the two diets for fre-
quency of defecation on the first and second day seems to indicate that they do not induce different
states of emotionality. A similar result had been previously obtained an rats ( 1-). The lack of diffe-
.. rence between the two diets for reactivity to noise may be due either to an absence of difference in

. reaamtyormymnhfromnhckofmﬁamofmdumfonhm

Anmﬂtmceofdmuya-ﬁmlqmedeﬁuaxymhmmgahlnyhsbmmym&ed

o "Using modets of visual ( 4 ) and brightness ( 3,11 ) discrimination it has been shown that a diet en-

riched in a-linolenic acid increases the learning ability of mice and rats. Spatial learming i the
Morris water maze ( lZ)andmeavoudaneemashmle-box(l)g\-ebenerrauhsmmsfeda

ST ‘"’"dle( ennched in a-lmolemc wd

Althwghremltsreguhﬂymd:auahnﬂenle&‘eaofdu(n—!) daa.merpramonmm
"d:ﬂiwlt Wainwright (5) reviewed all the difficulties inchuding the effect of a deficiency oa retinal
function or pain threshold ( 8 ). Our results involve models in which the visual function and the pain

- threshold are not important Thesmpleformoﬂamngdmwelmedmw(hbmmon)

-+ from more complex learning tasks such as instrumental and operant cooditioning or spatial learning;
- in addition, the effect of dietary fat on habituation in rodents does not seem 10 have been studied

in the actimeter, the exploratory activity measured for the first S min decreased significantly on
the second test in the (n-3)™ group only. this is an indication that these mice remember the situation

7« better than the mice fed the (n-3)" diet In the open-field. there was a decrease in the scoce of the

, ",;,-mfed:he(n-s)*dmmdnommemofmemcefedme(n-srm bowever. this rend of

o better recall in the (n-3)" control group was not significant

The forced swimmibg test is generally used as a screening test for antidepressant drugs ( 13 ) [t
is based on the idea that after exploration the animal understands that there is 00 escape, so the im-
However, a neurobehavioral study of forced swimming by West ( 14 ) indicated that immobiliry
during forced swimming may not be a failure of coping but instead reflects a successful coping stra-
tegy that employs energy conserving bebavior. The same author reports that the increased immobi-
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lity on the second water exposure may be explained as learned habituation 10 a familiar environment
so that this model may be used as a model of habituation. In our study, the durstion of immobility
t‘on.hetwoﬁmtmnoffomediw\mmgrwaonthesecondthnondnﬁmdnymach
, dneldnsnmnsduuhetwogrwpshdl«medthemnon however. dteeﬂ‘ectmsmumthe
(0-3) goupmd:catmgabenerlarmngmthsm e e

Thempemunptmoddmﬁi’ndacﬁbedbyFrmm(lS) ltwuusedtocompmme
mcuvuyofuohxedmdnon—uolnedm Fo:m:venuce,thebakeruprmtnewhosnle
_ place because there is neither food nor titter. ltutba:ghﬂmaplormonreprmsmmemto
mSmmuwmwmmfmmu(aumﬁmﬁm
test) 1o reduce energy expenditure by reducing the number of escape attempts. So the reduction in
the number of escape attempts with repetitive tests reflects learning In our escape attempt tests,
- habstuation led to a decrease in the score in both diet groups and for both sexes . However, the de-
cras:wasmorempndmme(nd)*grwpforbothmlaandfeunla Therefore it may be conclu-
ded that habituation is more rapid with the (o-3)* diet than with the (o-3) diet. In :additioa, this
model showed a more rapid habituation in females than in males.

Thmmmfmﬂn&ﬁmmhb:mmb«wm(n—”deﬁaemmdm—d&ﬁmmue

unknown. Sev«alpossibchnamybeproposed an effect on adult CNS function; - an effect on
mmwhmdmddaﬁmgmnmmmmrwmmwwmg
or an effect on fetal or neonatal development ' Some differences in maternal behavior or aeonatal
dcvdopmanmnmbeexcbdedmthuewenamenmdymdedameymmmeum
of the present experiments. However, the lack of marked differences in the fecundity, fertility, and
- weight of the pups at 22, 47 and 61 days of age is in accordance_with the findings .of Guesnet,
Pascal and Durand ( 16 ) and Lamptey & Walker ( 17 ) in rats. Further, no perinatal mortality was
observed in our mice ; this is in contrast with the results of Guesnet et_al (16) in rats but may be
Mbeausethemsusedbythueanhonmfedadmdeﬁanm(n&)PUFAfaJ

. , Beverations..

, Cousequemly therearenoobvmmsonstoudi:etheslowerhabmmd(nd)deﬁcm
" mice to a problem of maternal bealth or care or 10 a defect in neonatal ‘development. More likely,
changes in CNS function related to modifications m PUFA are mvolved. Are alteratioas of
wmmhﬂdwm&ﬁmdpﬂmﬂaﬁmﬁm’Ammm
densyofdopammmmeptmmdmmmlhedamyofms-mwmm
* been measured in the frontal cortex of rats fed a diet chronically deficient in aipha-linolenic acid (18
) These local modifications may alter the behavior and are aot exclusive with more general changes
such as, for example, an alteration in the speed of neurotransmission which could take place
w«ywhaemdnbmnandberupo@kfotmﬂnplefomsofbehmﬂ(aphmobpd)
changes
hcommsomtheseapemumgmoddstmsonmmvohepmwmmoffoodm
waatomuvuepafomnoedmmdma&adeﬁamma-hmkmcmdmxhe
lamngabdnyofrmcemvanousmoddsofasmplefonnoflwnmg habituation: These results
add&uhdauo&osepmwﬂyobumedmckﬂ'uanhbommawnhahubdnmﬂmdds

" This work was supported by the Institut National de la Santé et de la Recherche Médicale
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