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A Possible Relationship between Brain N-Acetyineuraminic Acid Content and Behavior
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Among the structural and biochemical
changes induced by early malnutrition in the
brain are a reduction in the extent of dendritic
arborization (1) and a decreased concentra-
tion of ganglioside (2) and glycoprotein
NANA (3). Our recent work demonstrates
that intraperitoneal injections of NANA re-
sult in increased brain ganglioside and gly-
coprotein NANA and prevention of the ex-
pected behavioral abnormalities in malnour-
ished animals. Perhaps of even greater inter-
est is that both of these corrections persist in
the adult animals. To our knowledge this is
the first demonstration that injection of an
agent normally found in the brain can both
specifically be incorporated at or near its site
of action and prevent behavioral abnormali-
ties which would be expected to occur.

Methods. In the study there were 16 litter-
mate pairs of pregnant rats (Sprague-Daw-
ley) selected on the basis of body weight. On
the third day of gestation the littermates were
randomly distributed into two different
groups and housed individually. The first
group was then fed, ad libitum, a semisyn-
thetic diet containing 200 g casein/kg of diet.
For the second group the casein content of
the diet was reduced to 100 g/kg. These
respective diets were fed to their designated
groups throughout the entire period of preg-
nancy and lactation.

On the third day postpartum the rats were
divided into four groups—two undernour-
ished and two well fed—and their litters were
reduced to eight pups. From Days 14 to 21
inclusive the pups in one undernourished
group and one well-fed group were injected
intraperitoneally with 1 mg of NANA/50 g
body wt. The other two groups received 1 mg
glucose/50 g body wt. The NANA adminis-
tered was crystalline synthetic material of
95% purity obtained from the Sigma Chemi-
cal Company. On Day 21 of lactation 2 male
pups from each litter (64 in total) were ob-
served in an open field for 20 min. The open-

field was an 80 by 80-cm square area enclosed
within wooden walls 60-cm high. The floor
was covered with white contact paper and
divided into 8-cm squares by black lines. The
apparatus was located in a quiet room that
was indirectly lighted by a 60-W incandescent
bulb. A central area (32 X 32 cm) was desig-
nated by squares in the center of the open
field. A ball 3.5 cm in diameter was sus-
pended from above to within 2 cm of a corner
square (“novel square™).

The following behaviors were recorded by
an observer during each open-field test: (i)
the number of seconds before a rat moved its
paws out of the four squares which define the
starting corner; (ii) the number of squares
traversed by both front and rear paws; (iii)
the number of vertical extensions of the head,
body, and forelimbs, either free standing or
against the wall, excluding those vertical ex-
tensions associated with grooming; (iv) the
number of times the forelimbs entered the
“central area”; (v) the presence or absence of
defecation; (vi) the total time the rat passed
with its nose in the square over which the
object was suspended.

The tested animals were killed by decapi-
tation and the brains removed and analyzed
by an investigator with no prior knowledge
of the behavioral data in order to minimize
bias in the results. Protein was determined by
the method of Lowry et al. (4), and DNA was
extracted from the tissues by the method of
Klemperer (5) and estimated by the diphen-
ylamine reaction described by Burton (6).
Gangliosides and glycoproteins were ex-
tracted from samples of homogenized brain
by the Suzuki (7) modification of the method
of Folch-Pi et al. (8) as adapted by Roukema
and Heijlman (9). Total gangliosides were
determined as NANA by a modification
(Miettinen and Takk-Luukkainen (10)) of the
resorcinol method of Svennerholm (11). Gly-
coproteins were also determined by measure-
ment of the NANA content of the total
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CHCl3:CH3;0H-insoluble residue.

The remaining members of the litters were
weaned onto the 20% casein diet and reha-
bilitated on that diet until 24 weeks of age, at
which time 2 male rats from each of the
original litters (64 in all) were tested in a Y
maze for learning ability. This was an elec-
trified Y maze with a metal grid floor similar
to that described by Flexner et al. (12). An
opaque barrier divided the stem of the Y into
a start box and an alley. In order to avoid
shock the rat had to move from the start box,
down the alley into the correct arm of the
maze within 5 sec. Shock was given if after 5
sec the rat had not entered the correct arm of
the maze. For half of the rats the right arm
was correct and for the remainder the left
arm was correct. Each animal was trained at
its own shock threshold level. These thresh-
olds were determined individually for each
animal using Sechzer et al.’s (13) modification
of the methods of Evans (14). Training con-
tinued until the rat had performed nine con-
secutive correct responses.

Results. Since the differences among exper-
imental groups for all the activities measured
in the open field were basically the same,
only the results of one activity will be pre-
sented. The results show that the intraperi-
toneal administration of NANA was associ-
ated with profound changes in behavior in
the open field. Figure | shows that the mean
duration of time spent with a novel object
placed in the open field of the well-fed control
rats was greater than that for the undernour-
ished controls. The administration of NANA
was accompanied by a significant increase in
both the well-nourished and undernourished
rats. Moreover, neurochemical analyses of
the brains showed that these changes were
accompanied by significant increases in total
brain ganglioside and glycoprotein NANA
content.

Neurochemical analysis of the pups after
open-field testing shown in Table I showed
that undernutrition reduces brain cell number
and size in both the cerebrum and cerebel-
lum. However, the administration of NANA
and its accompanying behavioral changes
were not associated with any changes in cell
number or size in either undernourished or
well-fed rats.

As shown in Fig. 2, the beneficial effects of
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F1G. 1. Open-field behavior in experimental animals

of 21 days of age and the corresponding brain content of
ganglioside and glycoprotein NANA. Bars represent (X
+ SE) of values obtained from analysis of 16 separate
brains. Where indicated the differences between control
and experimental groups were statistically significant
(*P < 0.001; **P < 0.01). (Differences between control
groups and their corresponding undernourished groups
were all statistically significant, P < 0.001).

NANA administration remained through
adulthood. At 6 months of age, treated ani-
mals learned the Y maze significantly quicker
than their controls. Once again the results of
the biochemical analyses revealed that they
also had higher total brain ganglioside and
glycoprotein NANA contents.

Once again the results of the biochemical
analysis, Table II, revealed that the under-
fed rats rehabilitated after the brain growth
spurt did not achieve the same brain size as
the well-fed rats. At 24 weeks of age, they still
have a smaller cerebral and cerebellar cell
number and size. The early administration of
NANA was neither associated with an in-
creased cell number or size.

Discussion. A number of workers have pro-
posed a role for sialocompounds in the facil-
itation and functional establishment of syn-
aptic pathways (15, 16). Schengrund and her
co-workers have postulated a role for NANA
in effecting the movement of neurotransmit-
ters (17). Bretscher (18) and others (19) have
implicated the negative charge associated
with NANA in the process of binding neu-
rotransmitters to membranes.

There is a considerable amount of recent
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TABLE 1. BRAIN CoMPOSITION AT 21 DAys ofF AGE (x = SE)

Group (n = 16) DNA (mg) Protein (mg) Protein/DNA ratio
Well fed 1.14 = 0.08 51.65 + 2.34 4531 +£3.14
Well fed + NANA 1.10 + 0.07 52.02 + 491 4729 + 4.14 Cerebrum
Undernourished 0.93 £ 0.06 4022 £25 43.25 + 5.31
Undernourished + NANA 0.95 + 0.07 4251 +£25 4475 +£ 4.76
Well fed 0.43 + 0.06 9.59 + 0.33 2231 + 201
Well fed + NANA 0.48 + 0.05 1041 = 1.12 21.69 + 1.35 Cerebellum
Undernourished 0.31 £ 0.07 7.86 + 0.54 2534 £ 1.71
Undernourished + NANA 0.34 + 0.08 847 + 0.62 2491 +2.14
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F1G. 2. Y-maze performance in adult animals and
the corresponding brain content of ganglioside and gly-
coprotein NANA. Bars represent (X * SE) of values
obtained from analysis of 16 separate brains. Where
indicated the differences between control and experi-
mental groups were statistically significant (*P < 0.001).
(Differences between control groups and their corre-
sponding under-fed groups were all statistically signifi-
cant, P < 0.001).

evidence to link gangliosides to behavior.
Small changes in ganglioside metabolism in
the whole brain of rats have been found after
short-term behavioral stimulation (20, 21).
Passive avoidance learning has been shown
to be inhibited by antiserum to brain ganglio-
sides (22). It has been shown that the increase
of the content of certain ganglioside fractions

in particular areas of the rat brain after long-
term active avoidance conditioning, possibly
result in permanent functional connections of
the neurons involved (23).

Our results clearly show that undernutri-
tion early in life will reduce brain NANA
concentrations and that this change will per-
sist. Undernutrition early in life will also
produce certain behavioral abnormalities
which persist. From earlier studies we know
that i.p.-injected NANA is preferentially
taken up by the brain during its growth spurt
(unpublished results). These studies using
'“C-labeled NANA showed that during the
time period of 14-21 days postpartum the
brain took up and incorporated 10 times as
much NANA as the liver, kidney, or spleen.
In the same study it was found that '“C-
labeled NANA was more readily incorpo-
rated into the brains of well-fed control pups
than into the brains of undernourished pups.

Here i.p. injection of NANA at this time
increased brain ganglioside and glycoprotein
NANA concentrations in both the well-fed
and undernourished animals. It also was as-
sociated with an improvement in the behav-
ioral performance shown by both groups of
animals. Furthermore, this improvement was
permanent and persisted into adulthood.

This change in behavioral characteristics
observed in the experimental groups may not
be indicative of a true improvement of brain

TABLE II. BRAIN COMPOSITION AT 24 WEEKS OF AGE (X + SE)

Group (n = 16) DNA (mg) Protein (mg) Protein/DNA ratio
Well fed 1.53 £ 0.12 79.81 + 3.57 52.16 + 3.16
Well fed + NANA 1.54 + 0.14 82.51 + 4.16 53.57 + 4.79
Undernourished 0.96 + 0.11 49.03 + 2.51 51.07 + 2.92( Cerebrum
Undernourished + NANA 0.98 + 0.15 47.51 £ 3.65 48.48 + 3.91
Well fed 0.48 + 0.07 13.99 + 0.56 29.15 + 1.58
Well fed + NANA 0.47 + 0.09 13.48 + 0.43 2868 2511
Undernourished 0.33 + 0.05 10.65 + 0.74 32.27 + 2.72[ “ereoetium
Undernourished + NANA 0.34 + 0.04 10.83 + 0.89 31.85 + 2.94
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function. For instance the administration of
NANA may principally enhance activity lev-
els which could account for both the open-
field and Y-maze results. Nevertheless,
whether the NANA causes the changes in
behavior directly or via a change in activity
does not detract from the interesting associ-
ation between NANA and behavior. Thus in
conclusion we feel that these findings indicate
that the impaired metabolism of NANA may
play a crucial role in the behavioral abnor-
malities induced by early malnutrition.
Summary. Repeated intraperitoneal injec-
tions of N-acetylneuraminic acid (NANA)
into malnourished and well-fed rats during
the brain growth spurt were associated with
a permanent increase in NANA concentra-
tions in brain gangliosides and glycoproteins.
Further, there was an alleviation of some
expected behavioral abnormalities in the mal-
nourished group and an above normal be-
havioral performance shown by the well-fed
pups. The results suggest the existence of a
relationship between NANA and behavior.
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