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1. Effects of Prenatal Undernutrition at Birth :

A&s mentioned earlier, for the studies on prenatal
undernutrition female rats were fed low protein (5%) diet
from the first day of conception as determined by presence
of sperms in thg vaginal lavages, The control females vere
similarly fed 20% protein diet ad libitum, Adverse effects
were seen on the reproductive performance of the protein
deficient animals (Table 14). There was s greater incidence
of still birthg and higher mortality during postnatal period;
Although, the average litter size in the control group was

<§E§§§§}similar deaths during neonatal period were(élmosé
ten times more in the low protein group as compared to fhat
with the control., Although average birth weight of the
litter in the protein deficient grbup was slightly less than
that in the control, the average weaning weight in the
deficient animals Was{éi;gét‘four times less than that in
the control, However, a sufficient number of viable pups

survived till the weaning age,

Maternal protein deficiency during gestation has
been reported to be associated with smaller fetuses with
reduced bone development and increased number of still births,
however, gestational age and litter size were unaffected

(Nelson and Evans, 1953; Venkatachalam and Ramnathan, 1964;



Table- 14 : Effects of a low protein diet on reproductive

19

performances
% Protein in the Diet
20 ‘ 5
1. No.,of femaleskept for 22 (38\
breeding \ A
2., No. of .pregnancies 12 32
3. % Fertility 85 84
4, Average litter size 8 7.5
5, No, of pups still born 2 .14
AN
6. No. of live births 152 .236;
7. Mo, of deaths during 8 38
neonatal period
8. % Mortality 5 37
9. Average birth weight (g} 6 T ? 4,5 * i
10. Average weaning weight (g) 45 12

% Dietary regimen was started from first day of

pregnancy,

e
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Table-15 : Effects of maternal protein deficlency during
gestation on prenatal development at birthl,

% Protein in maternal 1P
diet 5~ X 100
20 (HP) 5 (IP)
No. of pups® 13 26
Body weight (g) 6.1+0.14  4.4+0,05% 72%
Brain weight (g) 0.269+0,01  0.208+0,01  77*

Brain weight
Beody weight

0.044+0,001 0,047+0,001** 107**

Values per g Brain :

Protein (mg) 56,6+0.9 55.9+1.1 99
DNA  (mg) 1.90+0,05 1,91+0,04 101
croteln 29.4 +0,4 29.3+0.5 99
DNA - -

sChES 2.20 +0.07 1.88+0.05¢ 85%
Chae? 0.3€ +0,02 0.32+¢0.02 89

Values are expressed as Mean + S.E.M,
1. Tams were fed respective diets from first day of conception,
2, 8 to 4 brains were pooled for estimation,
3. pmoles of acetylthiocholine iodide hydrolyzed/min/g of brain,

4. pmoles of 14¢ Ach formed per hr. per g brain,

Values marked with astericks significantly differ from
control values,

% p001 3 *xp<05; %p<01.



134

that the growth of the brain, perhaps, does not parallel
thet of whole body weight.

The protein concentration of the brain was not
found to be altered, a finding consistent with that of
several other investigators\(Zamenhof* et al,, 1968; Zeman
and Stanbrough, 1969; Baldzs and Patel, 1973; Envonwu and
Glover, 1973; Telang, 1975). The concentration of DNA
was also not found to be affected in the progeny of the
deficient mothers., However, deficits in total DNA content

have been reported by Zamenhof ' et al, (1971),

The actlvity of brain acetylcholinesterase (AChE)
was significantly affected with a deficit of 15%. However,
choline acetylase (ChAc) activity was not significantly
reduced, Adlard and Dobbing (1971aj; 1271b) reported no
change 1n the activities of enzymes such as succinie
dehydrogenase, aldolase, AChE and |2 -N-acetyl glucosaminidase
in pups born of undernourished mothers. However, in their
studies dams were underfed by 50% from 7th day of gestation
onwards, The new born pups had a body and brain weight
deficits of 12 and 8 % respectiv% as against 28 and 23 % ob-
served in the present studies, Thus, the reduced activity
of AChE observed in the progeny of the deficient mothers
could be, perhaps, attributed to much more drastic reduction

in the body and brain weights at birth, This deficit would
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suggest a possible reduction in numbe? of synapses Or alter-
ation in the synaptilc structure, It is interewting to

note that the appearance of reflex activities such as

righting, negative geotaxis, cliff avoidance and other
development parameters report?d to be delayed in the

retarded pups at birth (8imonson et al., 1968}. In

conclusion, it can be said that prenatal ﬁndernutrition induced
by feeding the mothers a low protein diet during gestation
resulted in significant deficits in body and braln weights

and activity of AChE in the braln of the progeny at birth,

2. Effects of Neonatal Undernutrition at
Different Ages :

As mentioned earlier, neonatal undernutrition
was induced either by manipulatiﬁg litter size soon after
partus or by feeding low protein (5%) diet to mothers from
the first day post partus,- ‘

Pups reared in standard or large litter size of
8 or 16, were killed at 7, 14, 21 and 28 days after birth
for estimation of brain ACh, Also some pups were killed
at birth for base llne data, The results are presented in
Table 16, It can be seen that undernutrition during the
neonatal period achieved by manipulation of litter size

resulted in significant defieits in body and brain weights
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from 14 days onwards. The deficits in the body weights

at 7, 14, 21 and 28 days of age were gpproximately 18,

30, 50 and 55 % as compared to controls, The respective
deficits in b:ain weights were 9, 12, 10 and 14 %. In
other words, although neonatal undernutrition was found

to result in a progressive retardation in body weight,
similar retardation in brain welght was not observed.
Similar observations Qere reported by Swaiman et al.(1971),
Telang (1975) and by other workers.

AL

AN

It is interesting to note that ACh concentration Fb‘
increased with age. There was 300 fold increase at 28 days,
Eventhough the body weight and brain weight deficits were
apparent from the 7-14 days of life, ACh concentrations
were not affected throughout the length of study. This
contrasts with the lower concentration of brain lipids, ?
with a similar degree &f neonatal wndernutrition (Dobbing,
1968; Guthrie and Brown, 1968)., However, the ACh content
of the brain was slightly lower at all ages, the decrease
ﬁé%‘statistically significant only at 14 days and was in
proportion to the decrease in brain weight. These results
can pOSsibl§ be interpreted to mean that the neonatal
undernutr;ﬁion so achieved failed to affect ACh co§centratiog,
particularly during the most vulnerable period of the brain
development,. Decrease in maternal stimulstion because of

increase in littef size could possibly counteract the
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effects of undernutrition, It is 1n§eresting to note that
Sereni et al., (1966} reported decreased concentrations of
5-0H, tryptamine and norepinephrine in similarly under-
nourished rats at_lé days of age'but subsequently the
concentrations returned to normal in spite of continued

undernutrition,

Effects of neonatsl undernutrition achleved by
manipulation of litter size on the cholinergic enzymes were
studied at 28 days, The results are summerised in Table~ 17,
The defieit in body and brain weights was similar to that
of presented earlier, However, concentrations of protein
and DNA were not found to be affected, Simllar observations
have been made by Swaiman et al, (1970); Envonwu and
Glover, (1973) and Sobotka et al, (1974), Nevertheless the
contents of whole brain would be definitely much lower in
the large litter size as there is appreciable reduction in the
brain welght, Similarly, the activities of AChE and Chac
were unaffected, Sereni et al, (1966) reported significantly
reduced activity of AChE in similarly undernourished pups at
8 and 14 days3 bubt at day 21 deficit was much less and
statistically not significant, Im et al, (1971a) reported
similar observations, with neonatally undernourished pups by
feeding low protein diet (12 %) to mothers from the first

day post-partus. However, as mentioned elsewhere, more
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Table~17 ¢ Effects of neonatal undernutrition on cholinergic

enzymes of rat brain at 28 daysi,

{

Litter sigze %E X 100
(8) &mall (16) Large
No, of pups 8 16
Body weight (g) 60.000+1.1 " 34,000+1.2% 57
Brain welght (g}  1,415+0,07 | 1.231#0,021% 87
SR . 0.024+,0003 0.037:0.001F €5
Values per g brain
No. of observations 8 8
Protein (mg) 87.000+1,9 88,200+1.1 99
DNA (mg) 2,140+0,15 2920040 ,04 94
%g&&l&. 41,700+1.7 43,700+0,7 105
schE?  9.500+0,30 9.900+0,34 104
Chac® 3.770+0,08 3.630+0,11 96

Values are expressed as lMean + S.E.M.

1. Neonatal undernutrition (UN) was achieved by increasing
litter size to 16 pups per dam, ROth groups were fed 20%
protein diet ad lib,

2. Pmoles acetylthioeholine iodide hydrolyzed per min per g.brain,

3. pmoles of 14c-pach formed per hr, per g of brain,values
marked with astericks significantly different from control
values,

* (p< 0,001).
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severe degree of undernutrition instituted at different
stages of brain maturation had different effects on the
activities of'AChE and Chac, Moreover, activity of AChE
has been known to be affected by early handling (maternal

g Morkowiyy  ~ -
stimulation) of pups (Tapp, 1965) associated with emotional
reactivity (Denenberg, 1964), The effects of improvised
and enriched environment on the enzyme activity in rat
brain are very well documented (Rosenzwelg et al., 1972)}.
Increasing the amount of environmental stimulation is known
to partially amellorate the alteration ;n behaviour due to

malnutrition. (Yatkin and McLaren, 1970; Levitsky and

Barnes, 1972)}.

Eckhert et al. (197%} reported lower activity
of ChAc in both the brain stem and cerebellum of rats
undernourished during both neonatal period (by msternal
proteln deficlency) and pest-weaning period, Contrary to
these findings, Gambettl et al. (1972} failed to find any
change in activity of AChE at 12 and 24 days, in brain
cortex of pups of mothers fed. protein-deficient diet from
10th day of gestation, However, the activity was 1ncreased
at 24 days ;n recovered synaptosomal fractions of brain
cortex of the undernourished pups, Moreover, the increased
activity of ChaAc and protein levels in the recovered

synaptosomal fraction were also observed by these workers,



In conclusion, the present results suggest that
neonatal undernutrition achieved by manipulation of litter
size do not seem to affect cholinergic system notwithstanding
the fact that both body and brain weights weré adversely
affected. However, the possibility of specific changes taking
place in individual components of the cholinergic system in
different regions and subcellular fractions of the brain
cannot be ruled out, The difference in maternal stimulation
in thig design of experiment 1s another factor which could
offset the effects of undernutrition on the chollnergic

systen,

3, BEffects of Pre-and/or Post-natal Undernutrition
at different ages :

Since neonatal undernutrition achleved by
manipulstion of litter size was not found to affect the
cholinergic system, it was felt worthwhile to study different
mode of achleving pre-natal and/or post-natal undernutrition,
For this purpose, the female rats were fed low protein dilet
(5 %) from the first day of conception till the end of
weaning (GL”). The controls were fed 20% protein diet
ad 1ibitum (6'L™). The third group was fed 20% protein
diet during gestation and 5% pfotein dilet from first day
post-partus (GTL™). The idea was to achieve more severe

degree of undernutrition at two different stages of brain
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maturation., Secondly, the possibility of differences in
maternal stimulation due to differences in the litter sizes
offsetting the effects of undernutrition was aimed to be
studied.

It is important to mention at this stage that
feeding mothers a low protein diet durilng lactation results
in diminished milk production but does not affect the
composition of milk (Perisse and Salmon-Legagnear, 1960;
Chow and Lee, 1964} resulting into reduction in absolute
amounts of protein and calories (Mueller and Cox, 1946)
availsble to pups. However, percent protein calories would
remain essentially same, Maternél protein deficlency
during gestation, as mentioned earlier, results into the

reduction of body and brain weight of the progeny.

The ;esults of these studies on brain ACh
concentration st 21 days are presented in Table- 18. Whereas,
body weights were affected almost to the same extent (i.e.,
27 and 29 % of the normal in the G"1~ and ¢Y1~ groups
respectively) the brain weights were merkedly lower in G~L~
group (74% of nqrmal) in comparison with that of G group
(84 % of’normal}. Thus, protein restriction during lactation
superimposed on a stress of geststional protein deficiency
seems to affect brain weight markedly. In this connection,

it 1s interesting to recall that the similar deficits in
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Table-18 : BEffects of maternal protein deficiency during
gestation and/or lactastion on brain ACh levels
of the progeny at 21 days of age.

+ Dietary Regimen+

¢t 6L 6L
No, of pups 6 6 6
Body weight (g) 45,000+1,3  13.000+1,0" 12.000+0,8%
Brain weight (g) 1.391#0,008  1,16740,085"°  1,033+0,032%
ACh ( pg)
Whole brain 2.200+0,10  1,610+0,13% 1.280+0,12*
g. Brain 1,600+0.05  1,370+0,08%*  31,220+0,09"**

Values are expressed as lMean + 8,E,.M.

¢ttt = 209 protein diet during gestation and lactation

¢TL™ = 20% protein diet during gestation and 5% protein diet
during 1act§tion.
G"L"” = 5% protein diet during both periods,

Values marked with astericks significantly differ from
the controls,

* (p<0,001)
#x (p<£0,08)
wx% (p <0,01)
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neonatally undernourished rats by increasing the litter
size, were 36 and 10 % respectively, The more draé:tic
reduction observed in body weights of the undernourished
groups (G'L™ and G'L”) over those of pups reared in large
litters needs some elaboration, It is not surprising as
the mother nursing a large litter can compensate to some
extent by increas hg food intske which is reduced with
protein deficiency, The food intakes of mothers with
standard and large litters were 32 g and 45 g as against
8 - 12 g in mothers fed a low protein diet, Similar
deficits have been reported by several other workers besides

Telang (1975) and Nekhasi (1975),

In other words, the effects of undernutrition were
greater on brain weight with maternal protein deficiency
than with increased litter size and somewhat greater when
maternal protein deficiency was induced during both
gestation and lactation than during only lactation, ACh
content and concentration were found to be significantly
affected in the severely undernourished pups, The deficits
in the concentration were 14 and 24 % in G'L™ and @¢°L”
respectively, Similarly the regpective deficits in ACh
content work out to be 27 and 42 %. This is contrary to
the earlier observations with mild neonatal-undernutrition
achieved by Increasing the litter size, However, as

ment ioned earlier, the difference in maternal etimulation



due to altered litter size is a factor to be coﬁsidered

" which could offset the possible effect of undernutrition,

In addition to this factor, the degreé of severity and onset
of undernutrition are other possible factors which could
influence the maturation qf cholinergic system and its

components,

As mentioned earliler brain ACh concentration
increases with age, the finding is in agreement with that
of Naik et al. (1970)., This would suggest maturation of
cholinergic system taking place during this period., This
parallels the period of multiplication of microneurons and
synaptogeneses till 21 days of age in rats. The deficits
in ACh concentration may be a reflection of a possible
delayed synaptogenesis, However, there is a need to work
out more carefully a correlation between ACh concentration
with cholinerglc enzymes (Rosenzweig et al.,-1972) and

synaptogenesis before arriving at any positive conclusion,

In this connection, it is to be noted that
gereni et al, (1966) found transitory reduction in the levels
of 5-CH-tryptamine and norepinephrine at 16 days in under-
nourished rats, Subsequently, these deficits were normalised
with continued undernutriﬁion. This aspect of transitory

reduction in a level of a neurotransmitter and subsequent
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adaptation with age needs to be“studied.in details in
connection with ACh level, It is also interesting to
note that the concentrations of neurotransmitter amines
were found to be significantly lowered at 14 days of age
and onwards in rats born of mothers fed protein deficient

diet durlng gestation and lactation (Ramanamurthy, 1977).

The finding of a lower brain ACh levels with
severe undernutrition contrasts with the increase reported
in starvation (Waik et al., 1970)., This may be because
the effects of chrcnic undernutrition are different from
those of complete starvation, It is interesting to note
that a low protein diet was found to produce effects
different from those of a protein free diet (Rajalakshmil
and Ramakrishnan, 1972), Besides what 1s more relevant
is‘the vulnerable period of brain maturation during‘
neonatal period and the staée at which severe nutritional

insult is inflicted,

In conclusion, it can be said that the more severe
degree of undernutrition during gestation and/or lactation
- concentration
reduced brain AcCh ecmpﬁﬁeﬁt as compared to neonatal under-

nutrition induced by increasing the litter size,

Since undernutrition during pre- and post-natal

period was found to result in sighificant deficihs in the
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ACh concentrations, it was necessary to study the profiles
of protein and DNA levels and the activities of cholinergic
enzymes, AChE and ChAc)at 7, 14 and 21 days of age,

Undernutrition induced from the first day of
gestation (G"L") had more adverse effect on body and brain
welghts as compared to neonatal undernutrition (G+L-){ Table 19),
The body weight deficits for GTL™ group et 7 and 14 day
were 41 and 59% fespectively; the brain weight defieits
were 11 and 26 %, The figures for ¢ L~ group were 59 and
70 % for body weight deficit as against 30 and 42 % for
brain deficits., 8imilarly, the values for the ratio of
brain weight/body weight were significantly elevated for .-~
¢*L” and @17 at 7 and 14 days., The interesting fact to
be noted is that defic;its for ¢ I were more as c‘ompared to
e group., The ratio of the two weights for ¢'L™ at 7 and
14 days were 0,068 + ,003 and 0,082 + ,001 as against the
values for G'L™ were 0,071 + ,003 and 0,087 + ,001, This
suggests, as pointed out earlier, that the brain growth
does not parallel with that of body growth and in this
respect ¢ L group has a more of r‘etardation as compared to

¢t~ group.

The concentrations of protein and DNA were not

signhificantly reduced, The concentrations were found to
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increase with the sge, However, t?e ratio of protein to
DNA was slightly higher in G™L~ and ¢¥L™ group as compared
to that of G*L+ group. But this difference was not

statistically significant,

The deficits 1n body and brain weights were
further increased at 21 day; the deficits being 704 20 %
and 73, 25 % respectively for 61" and ¢TI, Similarly,
the ratio of brain weight to body weight increased further
to 0,086 + ,003 and 0,086 + ,004 for G'L” and G L~ groups
respectively., The concentrations of protein and DNA,
although increased at 21 day, remained unaffected. The
ratio of protein to DNA remained little elevatéd but was
not statistically significant,.

These results are expressed on the basis of
" % of control® in Table 21, As it is evident from the
same, the deficits in body and brain weight increased as
the undernutrition progressed to 21 days., In association
with those changes, the ratio of brain weight to body
weight increased from 102 at birth to 268 % in ¢ L~ group,
However, the concentrations of protein and DNA did not
suffer any significant reduction although the ratio.of the
same increased from 99 at birth to 105 % at 21 days:g'L'

" group,

209



The data algo suggests some decrease in the
size of these deficits at 21 days. This may be due to
operation of an adaptive mechanism whereby brain growth
and maturation are maintained at the expense of body growth.
The ratio of brain weight to body weight was much greater
in the undernourished animals, the differences between
controls and undernourished animals becoming more evident

with the progress of undernutrition (Table 21A)

The results of effects of undernutrition on the
brain engzymes are presented in Table 20, The activities
of AChE and Chac increased with age. There was a four-fold
increase In AChE and eleven-fold in ChAc at 21 day over
the#initial at birth. The values for AChE activity at
various ages are in broad agreement with those of Adlard
and DoObbing (1971a}; Im et al., (1971a); Gambetti et al,
(1972) and Bajgar et al, (1972), Similarly, the values for
Chac are similar to those of Ladinsky et al,(1972) and
Eckhert et al, (1976a). However, the variation observed
as compared to other reports is due to the differences in
the methodology used, The method using radioactive Acetyl-CoA
as a substrate is known to give higher values as compared
to that of using radioactive acetate, as in the present

~

case,
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The activity of ACHE was not affected in G L
group on 7 and 14 days, but it was elevated at 21 days
(+ 13 %). Interestingly, the activity when expressed
as per mg protein or bmﬁ still showed significant increase.
This suggests that cholinergic system is relatively spared
from the effects of neonatal undernutrition, The fact
that activity is more even on the basis per unit of protein
and DNA confirms the suggestion of increased density of
synapses and neurons per unit area of the brain in
undernourished rats during early period of life (Cragg,
1972), However, contrary to this suggestion, there are
reports of dinimished density of synapses and synaptie
thickening (Jones, 1976), Our findings are in agreement
with those of Im et al,(1971), Adlard and Dobbing (1972a;
1972b), Eckhert et al, (197éjgénd Tyzbir et al. (1977)
(Table-22), Adlard and Dobbing (197%3 suggested following

possible explanations for raised activity of the enzyme :-
a) Altered kinetic properties of the enzyme,

b} General increase in enzyme concentration within

membranes,

c} A 'sparing' of structures in which the enzyme is
present, However, since AChE is found mainly in
high concentrations in nerve endings 1t is tempting
to speculate that the raised levels of the enzyme

represent a 'sparing' of nerve endings relastive to



other cell fractions, TFor confirmation of such a
view much more morphological work would have to be

done (Jones, 1276).

As mentioned earlier, undernutrition during both
gestation and lactation had more drastic effect on the
brain development, As such AChE activity was found to be
lowered even at birth in those pups delivered by mothers
fed 5% protein diet from the first day of gestation, It
is of interest to note, in Table 20, that AChE activity
was in the deficit of 30, 23 and 11 % at 7, 14 and 21 days
in G I” group. The deficits were showing a downward trend
suggesting a possible tcatch up'! with the normal activity,
But even at 21 days 1t was still significantly lower than
the normal, This is in agreement with the other reports
on éimilar treatment for undernutrition (Adlard and
Dobbing, 1971a; 1971b; Eckhert et al,, 1976& for forebrain
only)l This would suggest that the 'sparing' observed in
the case of neonatal undernutrition is not, possibly,
applicable in this situgtion. This could be due t0 more
severe degree Of retardation in brain maturation. BRut
the point made above about the possible “ecatch upY with
age 1s supported by the elevation observed in the activity
of brain AChE in those rats undernourished from geststion,
lactation followed by either continued undernutrition or
rehabilitation (Adlard and Dobbing, 1972; Im et al,, 1972;
Tyzbir et al,, 1977),



Chic activity showed a differential trend. At
birth it was not found to be lower due to prenatal
undernutrition, Even at day 7 it remained unaffected in
G+L" group, However, it was lowered at 14 and 21 days
(the deficits being 11 and 13 %). In case of G L~ group
it was significantly lowered at 7, 14 and 21 days; the
defiecits belng 26, 26 and 17 % respectively, In this case

also the deficits were more in G L  group as compared to

et group suggesting the possible adverse effect of drastic
undernutrition resulting into brain retsrdation, These
results are in agreement with those of Eckhert et g&.(197é§
and also those of Ladinsky et al, (1972) who observed

reduced ChAc activity in rats neonatally retarded by
hypothyroidism induced by antithyroid drugs. However, it

.is hard to explain the differential effects of undernutrition

on AChE and Chéc activities,

It would not be out of place_to dwell a little
upon the time sequence of present studies. These studies
were initiated way back in 1972-73 and since then number of
reports have been published particularly on undernutrition
and AChE activity., At one stage it was felt that the study
would be an exercise in futility because of various reports
were being published at a steady rate. However, it was
realised after a close look at the work of various people

(Table-2]p that the entire theme of this problem lacks



concerted efforts to find out the effects of an individual
components of cholinergic system, i.e. ACh, AChE and ChéAc,
In addition to this, the diets used for producing prenatal
or postnatal undernutrition were not sufficiently low in
protein level to bring about drastic retardation in the
development of the brain (Table- 248, The present studies
have been rewarding in a sense that we could get the

complete picture of cholinergic system in an unified manner,

In summary, these studies suggest :

1) Brain ACh levels are adversely affected with drastic

undernutrition, The G I~ regimen had more adverse effect

than @1~ regimen,

2 AChE actlvity was lncressed at 21 days in Gt group

suggesting possible tsparing! of nerve endings., However,

ChAc activity remained lower at 21 days,

3) AChE and ChAc activities were reduced in G L regimen.
The latter showed a tendency towards fcatch upt! at a

later age,

1
St

However, it is hard to0 exXplain the correlation between

ACh on one hand and enzymes on the other hand,

5) The differential effects on the activities of AChE and
Chic are difficult to explain at this stage,

216
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4, Studies on the Effects of early undernutrition and

subsequent Dietary Rehabilitation on Cholinergic
System :

Since early undernutrition was found to result
in significant changes in the levels of individual componénts
of cholinergic system, it was thought worthwhile to study
. the effects of diebary rehabilitation on the possible
'reversalt of these changes, For this purpose, pups born
of mothers fed low proteln diet from first day of
pregnancy (G L”) and those from birth onwards (G'L")
were fed 20 % protein diet ad lib.from 22nd day onwards
for next five weeks. The control group (¢tTY)  was

similarly reared on 20% protein ad lib, diet,

The results of these studies are presented in
Table 22, As can be seen from the same, the animals
subjected to undernutrition in early life and subsequently
rehabilitated on the high protein (20%) diet had not
achieved a complete tcatch-up! with regard to body and
brain weights, The rats undernourished during lactstion
and subsequently rehabilitated (G*L"R+) had a body weight
of 74+ 1.4 g, the rats undernourished during gestation
and lactation and then rehabilitated (G*L_R+) registered
a body weight of 65 + 1.5 g. as against 134 + 3.0 g. of

the control group (G'L*R*). The body weight deficits in the
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first two groups work out to be 45 and 51 % as compared

to the controls, The same groups had body weight deficits
of 70 and 72 % at 21 days of age ki.e., prior to rehabilita-~
tion)., Therefore, it is apparent that although the deficits
were narrowed at the end of rehabilitation, the significant
deficits persisted, However, in terms of increments the
control group increased by 197 %, G L™RT group by 469 %

and G"L'R" by 490 %, suggesting an obvious attempt at
tcateh-up! of the earlier deficits, A similar picture was
also observed as regards to brain weights, The values for
brain weights were : control, 1,510 + .042 g; ¢'L &',

1.85 + 0,022 g and G"L"R* 1,29 + 0,040 g with the respective
deficits of 10 and 14%. The same deficits were of the tune
of 19 and 24 % at 2] days of age, Similar observations
with regards to body and brain weights have been reportedd
by Adlard and Dobbing (1971a; 1971b; 1972), Telang (1975)
and Nakhasi (1975).

It is interesting to note that brain ACh levels
returned to normal at the end of rehabilitation, The values
for the control group was 2.4 + 0.20, for G'L"R', 2.05 + 0,30
and for G"L"RT 1,95 + 0.40 jpe/e brain. Although the deficits
were statistically not significant, these were 14 and 18 %
in the last two groups respectively, However, at 2] days
of age the corresponding deficits were 16 and 26 %. As

mentioned earlier, the reduction observed in the levels of



other neurotransmitters in the undernourished rats was
thought to be traﬁsita:y (sereni et al., 1966), The

present results suggest perhaps similar transitary reduction
which was subsequently reversed by the rehabilitation,
However, it would be pertinent to point out that total ACh
content in the whole brain would be significantly reduced

in the rehabilitated group, The values for the same work

out to be 3,6 ug. for the control, 2.8‘pg for G*L'H+ group

(27 % deficit) and 2.5 pg for CLRT group (31 % deficit).
In view of these and earlier observations, brain ACh levels
seem to be reduced in those conditions associated with
drastic reduction in the body and brain weights. But this
reduction seems to be transitary and is reversed to
significant extent by dietary rehabilitation, However, the
questions of adaptation to the diet and environmental
stimulation vis-a-vis functional state of the brain and ACh
levels would not be answered at this'stage. For this
purpose, more detailed studies should be carried out to
throw more light on these agpects,

As expected, AChE activity remained elevated at
the end of rehabilitation, The control group had an activity
of 9,10 + 0.32; G'L"R" group mustered 10,48 + 0.34 (p -05)
and G"L"RY registered activity of 10,13 + 0,30 (p<<}055
Fmoles of acetylthiocholine iodide hydrolyzed per minute per

gram brain, The elevation in the two experimental groups was
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of the order of 15 and 11 % respectively, These groups
prior to rehabilitgtion showed elevation in AChE activity
of 13 % in G'L~ and deficit of 11 % in G L~ group
at 21 days. In other words, rats undernourished during
gestation and lactation had reduced AChE activity (=11 %)
at 21 days of age but subsequently this activity "cross-
overed® to positive side, finally registering a rise of
11 %. Whereas in the rats undernourished during lacta-
tion period alone AChE activity was higher at 21 days and
even after rehabilitation remained elevated to the same

extent,

It 1s possible that the elevated AChE activity
represents a relative 'sparing! of regions rich in the
enzyme, for example the basal ganglia, Despite the
deficit in brain weight, rehabilitated animals had a
whole brain AChE activity which was the same as that in
the controls (Controls, 13.7, ¢'L1"RY; 14.1 and ¢ LR

18,1 pmoles substrate hydrolyzed min/brain).

This further supports the argument of tsparing!
of cholinergic system from undernutrition, Similar
ohservations have been reported by other workers (4dlard
and Dobbing, 1971a; 1271bj Adlard and Dobbing, 1972;

Im et al,, 1971: Gambettl et al., 1972; Eckehrt et al,,
1976a; 1976b; Tyzbir et al., 1977; Coupin et al., 1977).



Contrary to the risg observed in AChE activity,
Chac activity was found to be reduced in both the under-
nourished groups. G'L"R* and ¢"T"R* groups registered
the Chac sctivities of 3,85 + 0,10 and 3,72 + 0,15 pmoles
”140-A0h formed per hour per gram brain as against 4,3+ 0,15
of ¢'L*R" group. The deficits work out to be 10 and 13 %
respectively, Simllar deficits at 21 dsys were 12 and 17 %
respectively, There is some reduction in deficits after
rehabilitation but still the activity was significantly
lower than that in the controls, Eckhert et al, (1976a)
reported decreased ChAc activities in brain stem and
increased activity in cerebellum of rehabilitated rats
after initial undernutrition during gestation and/or
lactation period, Neonatal undernutrition followed by
postweaning protein defleiency was also associated with
similar deficit in ChiAc activity in cerebellum but not in
brain stem. In another report, Eckhert et al, (1976b) also
reported significantly decreased ChAc activity in brain
stem of G L R’ rats. As mentloned earlier, Ladinsky et al.
(1972) reported decreased Chac éctivity in hypothyroidism
induced by giving antithyroid drugs in rats,

In this connection, it is interesting to note
that in rehabilitated rats various brain lipid fractions
were found to be deficient, The fractions in delficits

were cholesterol (Dobbing, 1968; Culley and Linenberger,1968;



and geison and Waisman, 1970), phospholipids (Howard
and Granoff, 1958; Culley and Linenberger, 1968) and
galactolipids (Culley and Mertz, 1964; and Geison and
Waisman, 1270). On the other hand, some studles suggest
a complete disappearance of these deficits in the
rehabilitated animals (Benton et al., 1966; Guthrie and
Brown, 1968),

As mentioned earlier, the growth of axons and
dendrites, establishment of synaptic junctions and increase
in number of glial cells and processes take place in post-
natal three weeks in rats (Davison and Dobbing, 1968 and
Dobbing, 1971}. All these processes are knowh to be
affected by inadequate nutrition (Bass, 1970) which delays
funetional maturation and causes permanent histological
and biochemical sbnormalities (Culley and Lidenberg, 1968;
Dobbing, 1968; Altman et al., 19713 Bass, 1971; Dobbing
et al., 1971; Neville and Chase, 1971; Shoemaker and Wurtman,
197%; Smart and Dobbing, 1971a; 1971b). Malnutrition
in the rats was also reported to diminish cortical synapses
(Bass et al., 1970). However, Cragg (1972) reported that
in rats undernourished during first 3 and 7 weeks of life
there was a 22-33 % increase in the density of the neuronal
cell bodies in the visusl and frontal areas as compared
to controls, But the presynaptic endings of the neuropil

were not affected. Early undernutrition has heen also reported



to affect number of dendritic processes (Salas et al.,
1974), number of synaptic connections (Cragg, 1972) and
thickness of pre- and post-synaptic densities (Jones and
Dyson, 1976), The crucial question is whether any of

these deficits and histological changes can be subsequently
rectified ? As mentioned earlier, the deficits in body
weight, brain weight, protein, and DNA content and 1lipids
were not reversed, On the histological front, Dyson and
Jones (1976} and Jones and Dyson (1976) found that synaptic
organization was of less meture distribution in 16 weeks
014 rehabilitated rats., The synhaptic organization was
cowparéble to 3 week old control rats; bubt better than
that of undernourished rats, This suggests limited extent

of process of fcatch-up!,

The presené results are in agreement with regards
to body and brain weights and ChAc activities, Though ACh
levels were normalised, AChE actlvity remained elevated,

This suggests that individual components of cholinergic‘
system seem toibe affected in differential manner and these
components fespond to rehabilitation in different manners,

Or otherwise these differences could be due to the different
degree to which these components were affected in the various
areas of the brain, Such a possibility has also been

suggested by Eckhert et al, (1976a},



Another interesting aspect of early under-
nutrition is the irreversible effects observed on
behaviour, The long lasting increases in brain AChE
were found to parallel the long-term increases in the
emotional reactivity observed in adult rats given identical
nutritional treatment (Levitsky et al,,1970)., Early
undernutrition has also been associated with lasting
effects on activity and social behaviour of rats (Whatson
et al,, 1976). Brain cholinergic system has been
demonstrated to be involved in the control of behaviour
(Russel, 1969}, Koreover, 'the long term effects of early
handling give similar results in that both emotional
reactivity (Denenberg, 1962) and subcortical AChE activity

& Maykowitz
decreased (Tappl.1965). Recently Im et al, (1976) reported
that environmental isolation resulted in increased AChE
specific activity in control rats whereas, decreased the
same in rats undernourished during early period of life,
It is interesting to note that behavioural ébnormalitieé
have been reported in children undernourished during early
period of life (Cravioto ef al,, 1966; Chase and Martin,
197035 Chase and kKetcalf, 1275).

.
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5, Effects of Postweaning Undernutrition and
Protein Deficiency :

As mentioned earlier, brain ACh concentration
is thought to vary inversely with functional activity of
the brain, It is known to be affected differentially by
conditions like ansesthesia and narcosis on one hand, and
electrical stimulation and emotional excitment and stress
conditions on the other (Richter and Crossland, 1949;
Crossland and Merrick, 1954; Elliot et al., 1950; Naik
et al,, 1970}, WNoreover, the concentration of ACh in the
brain of the rat increases with age upto 100 days or more
(Crossland, 1951; Naik et al., 1970), 1In view of above
observations and since the adult brain is considered
taplastic! it was felt worthwhile to study the effects of
undernutrition and protein deficiency during post-weanlng

period on the cholinergic systen,

As described earlier, weaning rats were reared
either on 5, 8, 20 or 20 % restricted protein diets for a
period of five weeks, The results of this experiment on
brain ACh levels are presented in Table 23, As expected,
body weights were significantly reduced in all the experi-
mental groups as compared to that of 20 ¢ protein diet

ad 1ib, group, It is interesting to note that mean body
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weight in 5% protein diet group was 66 + 3,6 g and this

was comparable with that of 20 % protein dlet fed at 50 %
level (Group No,5}, 52.0+ 2.7 g. The brain wg}ghts of
animels reared on 5%, 8% protein and 20% protein diet
restricted were sighificantly lower than that of the
controls., However, 20% protein diet pair-fed to 5% protein
diet did not affect the brain welght significantly.

ACh content of the brain was lowered in 5 %, 8 %
and 20 % protein diet severely restricted groups. However,
ACh concentration was affected significantly only in 5 %
protein group and 20 % protein severely restricted (25 %
of 5% protein food intake - Group No.6), In other words,
both protein deficieney and very severe calorie restriction
(group 6} resulted in significantly lower amounts and
concentrations of brain ACh, whereas with less severe
degrees of food restriction only the total amount in the
brain and not the concentration was affected. This was
also true of the 8 4 protein diet, This contrasts with
the differential effects of calorie and protein deficiencies
during postweaning period on brain enzymes (Rajalakshmi
and Ramekrishnan, 1972), In these studies, protein deficiency
but not the severe undernutrition resulted in lower
activities of brain glutamate dehydrogenase and glutamate
decarboxylase although body welght in the latter were much

less than in former., It is, however, interesting to note
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that although the retardation in body weight was comparable
in the protein deficlent and severely uﬁdernourished
animals (groups 1 and 5), the amount and concentration
of brain ACh were significantly more in the latter case,
The finding of a lower brain &Ch with severe
undernutrition contrasts with the increase reported in
starvation (Naik et al., 1970). This may be, as mentioned
earlier, because ﬁhe effects of chronic undernutrition

are different from those of complete starvation,

8ince brain ACh levels were affected in post-
weaning protein and calorie deficient rats, the study was
further extended to other parameters of the cholinergic
system, The effects on the brain protein and DNA levels
are presented in Table 24, As can be seen from the sane,
the reduction in body and brain weights was similar to
those described earlier, The ratio of brain weight to
body weight was found to be significantly elevated in protein
deficient and cslorie restricted animals, As expected
brain protein and DNA levels were not found to be signifi-
cantly altered, The ratio of protein to DNA, although
little reduced, was not signhificantly altered. However,
in terms of total content of protein and DNA in whole
brain would be altered to the same tune as that of reduction

in brain weights,
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The data on the activities of brain enzymes is
presented in Table 25, It is evident that the activities
of AChE and ChaAc were not affected by severe protein
deflciency or calorie restriction. However, Zclkhert et al.
(1976a) reported differential effects of post~&eaning
undernutrition on these two enzymes in the brain regions.
Activity of AChE was found to be increased in forebrain
and brain-stem whereas activity of Chac was increased in
cerebellum and decreased in brain stem, Unfortunately,
the activity of AChE in cerebellum and activity of Chae
in forebrain of rats fed protein deficient diet after
weaning periods were not studied, The lack of any effect
of protein deficiency on the brain enzyvmes contrasts with
the observation of decrease in brain glutamate decarboxylase
and dehydngenase in this condition (Rajalakshmi and
Ramakrishnan, 1%3%&&$“§one the less, nelther protein
deficiency no%;undernatrition was found to have any effect
on the concentrations of cholesterol and phospholipids in
the brain (Dobbing and WiddoSon, 1965; Dickerson et al, 1972
and Nakhasi, 1975).

In view of these findings, weaning rats were
further continued on the protein deficient diet for a period
of 65 weeks to assess the possible effects on the brain

enzymes, The results of the same are presented in Table 26,
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Table-26 : Effects of extended post-weaning protein
deficiency on the brain enzymesd,

Diet 20% Protein 5% Protein
%
1. Body weight (g} 247 + 30 146 + 15
3
2, Brain weight (g) 1,736+ 0,039 1.521% 0,041F
3. Brain weight %
5537 WeIEET 0,007+0,001 0,011+ 0,001
4, Brain e\
,ng.//:‘;.;'w!;\}“
Protein (mg/g) 124.9 + 1.9 126,1 + 2. ¢/
DNA (mg/g) 1.87 + 0,09 1.87 + 0,08
Froteln 67.2 + 3.9 68,4 + 4,2
5. AChE
(pmoles substrate
Hydrolyzed/min, )
g. brain 7.15 + 0,32 7.32 + 0,65
mg,protein 0.057+ 0,003 0.058 4 0,005
mg .DNA 3.8 + 0,1 3.9 + 0.4
6. Chhc
1)1(" moles ‘4c-ach
ormed/ hr)
Brain (g) 4,46 + 0,18 4.60 + 0,22
Protein (mg) 0.035+ 0,001 0.037 + 0,002
DNA (mg) 2,41 + 0,21 2,52 + 0,15

Values are expressed as Mean + 8,.E,H,

1. Weaning rats were fed respective diets for 65 weeks
ad libo

* (pg0.05).
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The extended protein deficiency was associated with
significant deficits in body and brain weights., However,

the activities of AChE and Chic remained unaffected,

As mentioned earlier, it is hard to explain
lack of any correlation between ACh levels and the
activities of AChE and Chic, Significant decrease in a
metabolite)ﬁCh, without any apperent alterations in the
activities of synthesising and breaking down enzymes need
further detailed studies, One of the major aspects could
he the environmental stimulation and handling of the animals
(Eckhert et al.,, 1975a; Levitsky et al,, 1970; Denenberg,
19643, Secondly, the possibility of changes in the
activities of the enzymes, in some way, may not be directly
correlated with ACh concentration which is very sensitive
to stress conditions and various drug treatments, This
possibility is partly justified considering that very short
time was required for ACh levels to return to rnormal
after initial fall due to electric stimulation (Richter
and Crossland, 1949}, However, it would be too hasty to
draw any conclusion of this sort until further studies

throw more light on these aspects of cholinergic system,

In summary, the postweaning undernutrition and

protein defielency resulted in significant deficits in brain
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KCh levels without any apparent alterations in the
activities of the cholinergic enzymes. TIf the changes
observed in ACh level are functional, it would mean that

cholinergic system remains vulnersble even at adult age,

6. Effeets of Pre~ and Post-natal Thiamine Deficiency :

As mentioned earlier, thiamine deficiency has
been implicated to interfere with the cholinergic system,
There have been humerous reports of reduction in brain ACh
levels in thiamine deficient animals, However,fthere are
no reports on the effeets of deficiency on developing
central nervous system, particularly with regards to
cholinergic system, Hence, it was thought worthwhile to
study these aspects at different stages of brain matura-

tiono

For this purpose, thiamine deficiency was induced

by feeding mothers thiamine deficient diet (TD) from 7th
day of gestation and the controls were pair-fed similarly
(PFC). 1In the earlier experiments, mothers fed thiamine

deficient diet from first day of preghancy were found to

result in large number of fetal resorption and miscarriages,

Therefore, the deficient diet was introduced from 7th day

of gestaetion onwards and continued till weaning age,
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Reproductive performances of TD and PFPC females
are presented 1n Table 27, Since the defieiéncy was
instituted from 7th day of gestation there was no question
of comparilson with regserd to % fertility per se , Average
litter size was not affected, However, number of still
birthsin TD females was higher, Similarly mortality was
higher (17%) in TD group as compared to PFC group (6 %).
Average birth welight was not much reduced, It 1s interest-
ing to note that TD females had more bleeding during the
partus and generally partus lasted fof a longer tilme,
Similar observations have been recorded much earlier by
Stéhler in 1937. In some cases, TD females killed pups
and consumed them, The body weight : at 21 days of age was
much reduced with a defieit of 25%., 8imilar deficits in
body weights have been reported by Trostler et al,(1977).
After 21 days of age, pups were further reared, individually,

on the deficient diet,

The pups were killed on 7, 14, 21 and 28 days of
age for the study on the individual echolinergic components,
The results of this study on brain ACh levels are presented
in Table 28, As can be seen from the same, maternal
thiamine deficiency during gestation and . lactation resulted
in retarded body weight gain from 14th day onwards, The
body weights at 28 days were 27+ 2,7 g for PFC group and



Table- 27 : Effects of thiamine deficient diet on

reproductive performance,l

N
Dietary regimen

Control
Pair~-fed

Thiamine
deficient
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e - —— 1] . T~ o S > - W Y T A W W SIS ML MR M e W S v Bt P S Wl S T M W M Aot M . -

1. No, of females kept for
breeding

. No, of pregnancies
. % Pertility
. Lverage litter size

2
3
4
5. No, of pups still born
6. Mo, of live births

o

. No, of deaths in neonatal
period

8. % lortality
9. Average birth: weight (g}

10, Average weaning weight . (g)

2056
12

24

240
40

17
5.5
i8

1. Pams were fed thiamine deficient diet from 7th day of

gestatlon, controls were pair-fed to the deficient group,

All pups were not utilized for experiments,
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21 + 1.7 g for TD group, the deficit being 25 . However,
brain weights were not adversely affected, This éuggests
that the deficlency restricts more of body weight than
brain weight, However, the restriction of food intake in
PFC group must have contributed considerably to the
retardation in body and brain weight. Trostler et al,
(1977) observed similar retardation in PPC group as compared
to ad 1ib. control. The comparison with our data on

ad lib, éontrol (Table 19) reveals that the body weight
deficit works out to be 55 ¢ at 21 days, As against this,
the defilcit in brain weight was only 3%. This substantiates
our contention that food restriction affects more of body

welght than brain weight.

In this connection it is interesting to note that
Trostler and Sklan (1977) reported that percentage of
thiamine transfer from mother to pups was reduced after
14th day post-partus, Although milk composition of thiamine
deficient dams (G'L™) at 18 days post-partus revealed
similar protein and amino acids levels as in controls,
milk protein fractions showed some differences, In the
deficlent animals, milk lactose levels were reduced,

whereas fatty acid content was increased,

Brain ACh content and concentration remsined

unaffected till 14 days of age, The deficits in content
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However, the comparison of these values with ad 1lib.
group in Table 19 suggests a significant reduction in the

activities of both engzymes,

In other words, maternal thiamine deficiency
during gestation and lactation resulted in significant
deficits in brain ACh concentration and content at 21 and
28 days of age without affecting the activities of
cholinergic enzymes, The discrepancy in the observed
deficlt in ACh without any alterations in the activities
of AChE and Chic is discussed elsewhere, at length,

Since the activities of both the enzymes were
not affected in the whole brain of the deficient rats it
was thought worthwhile to study the effects on the  regions
of the brain, The results of these studies are presented
in Table 31, It qan‘be seen that weights of cortex and
cerebellum were reduced in TD group as compared to PFC
group, However, the weight of medulla + pons + stem
remained essentially unaffected, The brain protein levels
in all the regions rémained unaffected., However, DNA level
was significantly reduced (p<0.05) in medulla + pons +
stem region of the deficient group., Similarly, the activity
of AChE was also significantly reduced in this region as

compared to PFC group, These results are hard to explain
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as the whole brain values, seen earlier, remain unaffected
in the deficient group, However, it is interesting to
note that increase in brain DNA and protein levels as
compared to ad 1lib. controls have been reported in the
whole brain of thiamine deficient rats (Dreyfus, 1976a),
In another report, the levels of phospholipids, cerebro-
cides and cholesterol were found to be reduced in thiamine
deficient rets as compared to pair fed controls (Trostler
et al,, 1977). Another interesting aspect of this
observation was that histopathological lesions of thiamine
deficiency were selectively located at brain stem and
lateral vestibular nucleus (Dreyfus, 1976b). These regions
are known to be' rich in thiamine phosphates and specially
vulnerable to thiamine deficiency,. The highest depletion
is seen in these regions, However, any relation between
these observations and the presently found reduction in
AChE activity in medulla + pons + stems, at this juncture,

cannot be elucidated,

7. Effects of Neonatal Thiamine Deficiency:

Since maternal thiamine deficiency during
gestation and lactation was found to result in significant
deficits in brain ACh levels in the pups at 21 and 28 days
of 1ife, it was thought worthwhile to study the effects of
the deficiency during lactation periocd alone on the cholinergic

system,



For this purpose, dams delivered on the same
day were selected, pups in the litter size of 8 were
randorly allotted to each dam, One group was fed thiamine
deficient diet 2zd 1ib. from first day of lactation, The
controls were pair-fed to the deficient animals., From day
21 onwards, pups were individually fed, The pups were

killed at 7, 14, 21 and 28 days for the study,

The results on brain ACh levels in the deficient
animals at different ages are presented in Table 32, The
body weights were signiflcantly lowered in the deficient
animals from'14 days onwards, The deflcits in body weights
were 20, 36 and 36 % at 14, 21 and 28 days of age respect-
ively, However, the values of body weights were more In
comparison to those of pups born of mothers fed the
deficient diet during gestation and lactation (Table- 28),
The brain weight was not significantly reduced at any of
the ages, the oObservation in agreement with\that of earlier
one (Table-28), However, brain ACh content and ceoncentra-
tion were significantly reduced only at 28 days of age,

The deficits were 25 and 24 % as compared to the pair-fed
controls, The symptoms of thiamine deficiency involving
neurological dysfunction were apparent towards the end.of
4th week, Tt 1s interesting to recall that these symptoms
appeared in the middle of third week in the case of pups
born of mothers fed the deficient diet throughout gestation

248
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and lactation, this was also assoclated with reduced
levels of ACh at 21 days., This suggests that maternal
thiamine deficiency during both the periods precipitated
more of a thiamine depletion in the milk as compared to
the deficiency during lactation alone, The progressive
depletion was more in the former group as can be seen from
Table- 28 as compared to the latter group (Table- 32),
This was alsoc obvious ffom the enhanced deficit in ACh
level (32 %) in the former group as compare& to the latter
one (24 %}.

The results of postnatal thiamine deficiency on
brain protein and DNA levels are presented in Table 33.
The body weights were similarly affected as in earlier
experiment, The brain weights, as earlier, remained
unaffected, Brain protein and DNA levels were not signi-
ficantly affected at any age. HoweYer, brain protein
levels showed a general Iincrease in thiamine deficient
rats, Similar observations have also been made by Dreyfus
(1976aY, The data on the activities of AChE and Chac are
recorded on Table-34, As expected, the activities of both
the enéymes remained unaffected in the deficient group.
However, the activities of both enzymes were higher in
pair-fed and the deficient group as compared to those in
the pups born of the mothers fed the deficient diet during

both gestation and lactation (Table- 30),
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In summary, maternal thiamine deficiency during
lactation seems to affect body weight and not the brain
weight ACh content and concentration were reduced only
at 28 days, However, the enzyme activities remained

unaffected,

The values for body and brain weight and components
of cholinergic system of the two modes of maternal thiamihe
deficiency as compared to their respective pair-fed controls
are presented in Table-35, From the same, a comparison can
be made between the two modes of the deficieﬁcy. 'The
deficits in the body weights were in both the groups, This
was apparent as the controls were pair-fed with the deficient -
group, However, from third week onwards the pups started
consuming the diet which resulted in alteration in the body
weight profiles, The deficits in the brain weights were
more, although not significantly, in the pups born of
mothers deficient during gestetion and lactation (B1G L)
as compared to ByG'L™ group, However, these deficits were
statistically not significant. The values for protein
levels were also comparable at all ages except at 28 days
where the level was higher in ByG'L™ group. Although the
alterations in DNA levels were statistically not significant,

the values for ByG L group were on the lower side.

The compsrison between ACh concentration in the

two groups 1s interesting. As can be seen from Table-35 and
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also from Figure~-6, brain ACh levels were consistently
lower in B3G L~ groups as compared to ByG'L™ group. The
deficits were significantly more in the former group at

28 days w%reas, in the latter at both 21 and 28 days,

As discussed earlier, the depletion of thiamine is expected
to be more in B,G"L" group as compared to BlG+L" group,
This would contribute to lower levels of ACh observed in
the former group at earlier age, Secondly, the typical
symptoms of thiamine deficiency were seen garlier in the

former group.

However, the activities of AChE and ChAc were
not found to be significantly affected throughout the course
of thiamine deficiency, The similar observation has been
made by Heinrich et al, (1973) in the thiamine deficient
adult rats in which brain ACh levels were significantly
reduced, The discussion on the possible effect of thiamine
deficiency on the actlvity of pyruvate dehydrogenase complex
which in turn would affeect availability of acetyl-Cos for
ACh synthesis are discussed in the following portion of

this Chapter,

From the foregoing observations, 1t is obvious
that maternal thiamine defieciency per se during gestation
and/or lactation does not seem to have any drastic effect

on the brain maturation, However, the resultant decrease

N
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Table-36 : Effects of pre- and post-natal thiamine deficiency
and subsequent rehabilitation on brain ACh levels,l

Group Control Rehabilitated

Initial
Body wt, (g} 25,000 + 2,3 20,000 + 1,3
Final body wt. (g) 124,000 + 5,6 114,000 + 9,4
Brain wt, (g} 1.500 + 0,030 1,440 + ,035
ACh ( pg)
Whole brain © 3437 + 0,37 2.95 + 0,20
g. brain 2.20 + 0,21 2,02 + 0,13

Values are expressed as Mean + S.E.IN.

1. Pups reared on thiamine deficient diet upto 28 days were
switched over to normal diet for further 5 weeks, Pair-fed
controls were similarly fed on ad 1ib diet,
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’ ' bon
rehabilitated deficient group. The deficit in the, weight

was 8 %. This suggests that the deficit in the body weights
was narrowed after rehabilitation., The brain weights were

also comparable in both the groups,

The defieit in the brain ACh level at 28 days
was of the order of 32 %. Whereas, at the end of rehabilita-
tion period ACh levels had returned to normal, The
respective ACh levels in the control and the rehabilitated
group were 2.2 0,21 and 2,02 + 0,13 pg per g brain., There
was ho significant difference in the brain ACh content also,
Ls menfioned earlier, the reduction in the ACh levels was
thought to be transitory, In the undernourished rats,
brain ACh levels returned to the normel after dietsry
rehabilitation, This seems to be also applicable in the
present case, It is also Interesting to note that the
symptoms of thiamine deficiency disappeared within a week

of starting the rehabilitation diet,

Recently, Trostler et al,(1977) reported that
the dletary rehabilitation of the thiamine deficient pups
resulted in the reversal of earlier changes in the
phospholipids and cholesterol levels in the brain, However,

the brain cerebrocide levels remsined unaffected after
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rehabilitation, In another study, administration of
pyrithiamine to new born rats, during the critical periocd
of myelogenesis, resulted in the defreased activities

of brain transketolase and pyruvate decarboxylase; Whereas,
myelination, as indicated by biochemical and morphological
criteria, proceeded at an essentially normal rate
(McCandless et al., 1976), These workers suggested that
tentative metabolic pathways may be operational in the
newborn rat brain ensbling it to circumvent major blockage

in thiamine-dependent reactions,

9, Postweaning Thiamine Deficlency and Brain ACh Levels :

As mentioned earlier, thiamine deficiency has
been associated with neurological dysfunctions involving,
perhaps, cholinergic system, Numerous studies have been
reported to affect ACh levels in the deficient animals
(Gubler, 1968; Cheney et al,, 1969 and Heinrich et al.
1973). Contrary reports have also been recorded (Stern and
Tgic, 19705 Speeg et al., 1970; Vorhees et al., 1477). The
logic behind the possible reduction has béen the reduced

availability of acetyl-CoA with reduced activity of PDH.

With the strong arguments, based on the findings,
for snd against the possible effects of the deficiency on

brain ACh level in view, we approached this problem in a



different manner, Prior to entering into the details of
this problem, the following aspects of the deficiency

have been investigated :-

a) Onset and progress of thiamine deficiency with

detailed observations of appesrance of neurological symptoms;

b} The extent of reduction in thiamine levels of
liver, heart and the brain regions of the symptomatic’

deficient rats; and

¢} The possible effect on the moisture content of
these tissues, possibly, resulting into artifact which
might be introduced in expressing the results on the basls

of wet weight,

The design of the experiment, as mentioned
earller consisted of feeding weaning rats on different

levels of thiamine, Briefly the groups were as follows :

Group Blflooo calories
No, Thiamine levels % Bl : ‘
1. 1.5 mg/kg diet fed 100 0.5
ad 1ib.
2, 1.5 mg/kg diet pair- 100 0.5

fed to group 6

3. 0.75 mg/kg diet pair- 50 . 0,25
fed to group 6

4, 0,375 mg/kg diet pair- 25 : 0,125
fed to group 6
contd, .
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the extent of anorexia present in the deficient group.

As against the deficit of 80 % in food intake,
the reduction in body weight gain as compared to 100 %
By 2d lib. works out to be approximateiy 94 %. However,
this reduction as compared to 100 % By pai;—fed group
works out to be 76 %, The comparison of tﬁe reductions
in body weight as compared to 100 % Bl ad 1ib, and pair-fed
groups indicates that the contribution to this deficit due

to anorexia and thiamine deficiency per se.

It is of interest to note that the profiles of
body welght gains in 100 % and 80 % Bl pair-fed groups are
similer, This is borne out by the fact that the final
mean body weights in these two groups were 66 + 2,6 g
(66-77 g) and 65 + 1.7 g (60-70 g} respectively, This
gives rise to an interesting query : Why this similarity
exists inspite of 50 % reduction in thiamine intake? As
pointed out earlier, the thiamine concentrations in these
two groups were 0,5 and 0,25 mg per 1000 calories. The
fact that thiamine requirement 1is proportional to calorie
intake is very well known. In view of the requifement of
thiamine being 0.27 to 0,33 mg per 1000 calories (Ziporin
et al., 1965} it is obvious that 50 % B, level, as can be

seen, could still take care of the basie requirement of
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thiamine by the pair-fed rats, Hence the latter group

could muster similer weight gain.

However, the further reduction in dietary thiamine
level to 25 % resulted in more deficit in the body weight,
The final mean body weight was 61 + 1,4 g (55-66 g). The
defieit was around 6 % in comparison to 100 % By pair-fed
group, Interestingly, the rats pair-fed 10 % B, diet showed
similar deficit of 10% with mean body weight o? 59 + 1.9 g
(54-61 g)}. 1In other words, the levels of thiamine at 25 4
and 10% had almost similar effect on body weight gain
indiceting, perhaps, that the By concentrations of 0,125
and 0,05 mg per 1000 calories had a comparable capacity to

maintain the weight gain,

It is of importance to note that the thiamine
deficient group (0 % By} gained 21 g of body welight at the
end of second week but thereafter lost the weight reaching
the value of 51 + 1.8 g (40-57 g). The initial gein could
be attributed to body stores of thiamine which were depleted
by the end of second week. Furthermore, the defleiency
advanced quite rapidly resulting into 80 ¢ deficit in food
intake and 94% deficit in the body weight gain in comparison
to 100% By ad lib. group, .
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MeCandless et al,(1968) induced dietary thiamine
deficiency by feeding By deficient diet consisting 18 %
protein, 10 % oil and 68 % sucrose, &t the end of 35 days
regimen, the controls had final body weights of approximately
200 g as compared to 80 g and 52 g of pair-fed and the
thiamine deficient rats (extrapolated from the graph).

The initial body weights as seen from their graph varied
between 55-60 g, The deficits in the body weights of the
deficient animals as compared to the two controls were
74% and 35%. These deflcits in our investigation were
62% and 22% at the end of 6 weeks. The differences could
be attributed to higher initial body weights and the
difference in the diet composition used by these wofkers.
However, the profiles of body weight gains in both the
studies were comparable, Gubler (1976a) reported the
body weight gains of 100 g and 20 g in ad lib, control

and thiamine deficient group at the end of 20-25 days

(as extrapolated from the graph), Wheréas the weight
gains in the present investlgation were 100 g and 18 g at
the end of 3-4 weeks, which are in broad agreement with
that of Gublerts (1976a} values as extrapolated from the
published graphs, However, Vorhees gt al. (1977) reported
the weight gains of approximately 140, 38 g and negligible
in the ad 1ib, control, pair-fed control and the deficient
groups respectively at the end of 5th week, The initial

body weight and the diet composition, however, were

5\



different from the present investigation, Although, the
true comparison in strict sense, can not be made in between
all these studies, tﬁe fact remains that the general trend
in the body weight gains remai%fessentially same, This is
not to deny the fact that the weight gains oObserved in our
studies were somewhat different which cguld be additionally
attributed to the stock of the animals, animal house

conditions and climatie variations,

During the course of progressive thiamine
deficiency, careful observations revealed a typical sequence
of appearance of symptoms of thiamine deficiency, For this
purpose our observations were restricted to O % By ad 1lib,
group, Until the end of second week, while the rats were
gaining weights, there was no appearance of symptoms of
neurclogical dysfunction, At this stage, in few rats, some
hair loss was seen, However, from the third week onwards
the symptoms were clearly seen., The sequence of the
appearance paralleled the decline in food Intake and body
weight gain., Towards the end of third week, the deficient
rats developed incoordination in walking, impaired righting
reflex and reluctance to walk, As the deficiency progressed
the rats started to exhibit more of typical symptoms like
walking in circular motion, imbalanced locomotion and loss
of righting reflex, At the terminal stage, the animals had

an appearance of dehydrated and shrivelled body with a grest
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reluctance to make any movement and persistent drowsiness,

The appearance of neurological symptoms, observed
at the end of third to fourth week, coincided with the
fall of body weight below 58-60 g. The frank symptomatic
stage was reached at 55-58 g of body weight, The similar
sequence of progressive appearance of symptoms have been
reported by McCandless et al, (19@8). Although the actual
body weight values of the control and deficient rats were
different in their studies, the appearance of neurological
symptoms started around the same body weights (55-60 é};
However, these workers observed this stage at 4-5 weeks
as compared to 3«4 weeks in our studies, This must be purely
because it toock longer time to deplete thiamine stores in
the deficient rats with initial body weights of 55-60 g in
the reported studies, The similar pattern of growth profiles
and appearance of neurological symptoms have been recorded
by Dreyfus (19261). Tt i1s needless to mention at this
stage that these symptoms, described above, were the result
of CNS dysfunction and not of peripheral neuropathy

(Church, 1935},

It would not be out of place to summarise the
above results and the conclusions thereof, In the first

instance, the body growth patterns observed in our experiments
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were comparable with the reported values. The symptomatic
rats showed the reported sequence of appearance of typical
neurological symptoms, Moreover, the mortality rate wasi
much higher at this stage of deficiency,. In other words,
we made sure that the deficient rats used for further
studies had all the characteristic symptoms of thiamine

deficiency,

Besideé the manifestation of above symptoms the
biochemical criterion to estsblish the degree of thiamine
deficiency was thought to be essential, Por this purpose
studies were carried out to estimate total thiamine
levels in the tissues of the deficient rats, The choige
of this parameter was mainly based on the observation that
the total thilamine levels truely reflect the concentrations
of thiamine pyrophosphate and thiamine triphosphate in fhe
brain of the deficient animals (Gubler, 1976b).

The results of these stu@ies are presented in
Table 37, The liver thiamine levels in the ad 1ib. control
and pair-fed controls were 8,44 + 1,21 and 10.3 + 1.5 pg/sg.
Although the level in the latter group was higher it was
not statistically significant., However, this elevation
could be due to underutilizetion of thiamine stores in the

liver due to restriction of calorie intake, The value for
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liver thiamine level in the deficient group was much
lower (2,35 + 0.2 pg/gland significantly different as
compared to both the controls, The deficits in liver
thiamine levels as compared to the two controls were 72
and 77 % respectively, The extent of reduction obseréed
is similer to the reported deficits in liver thiamine
values of pigélons trested with thiamine antagonists

(steyn-Parve, 1967).

The thiamine levels in the heart of the two
controls and the deficient group were 10,2 + 1.7,
12,7 + 0.31 and 3,48 + 0,82 ug/g respectively, As in the
case of liver thiamine levels, the pair-fed controls had
more of thiamine in the heart as compared to ad 1lib,
control, The deficits in heart thiamine levels in the
deficient animals were 65 and 72 % as compared to ad 1lib,
and pair-fed controls respectively, As ment ioned earlier,
the thismine deficiency has been known to result into
bradycardia and cardiomegaly with the decrease in hesrt
rate and reduced activity of certain enzymes, The
observed changes in heart thiamine levels are, perhaps,

indicative of the development of such a condition,

The thiamine levels in the different regions of

the brain are also presented in Table- 37, The levels
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were decreased in all the brain regions studied., The
reduction in the levels, however, was different in the
different regions., The thiamine concentration in cortex
of the ad 1ib, control,' the pair-fed control and the
deficient group were 3,02 + 0,11, 2’7é + 0.31 and 0,93 +
0.16 pg/g respectively. The deficits in the last group
work out to be 69 % and 66 % as compared to both the
controls respectively, The cerebellum By levels were
3.56 + 0,46, 2,41 + 0,23 and 0,71 + 0,16 in the above
three groups and the respective deficits being 80 % and
70 % respectively., In the pooled regions (medulla + pons
+ stem} the levels were 5,13 + 0,65, 3.48 + 0,61 and

1.62 + 0,25 Pg/g, respectively with the deficits of 67 g
and 51 %, The computed values for the whole brain content
of thiamine works out to be 4.9, 4,2 and 1,3 pg in the
respective three groups with a deficit of 70 % in the
deficlent group., -Whereas, the computed concentrations in
the respective groups work out to be 3,3, 2,7 and 0.9 pele
brain with a 66 % deficit in the deficient group,

Dreyfus (19592) reported the distribution of
thiamine in the different regions of the brain, The By
concentration was in the following order ; vermls, 21,13
medulla, 13,4; hypothalamus, iB.O; cortex, 13,0 pg/g of
dry welght, 8econdly he had also pointed out the large



variation in the values reported for thiamine concentra-
tion in the rat brain and liver, The reporfed values,

as cited by him, were in the range of 2,2 =- 6.0‘pg/g
fresh weight of the brain and 2.8 - 9,0 pg/g fresh weight
of thé liver, 'In view of these reports, the present
values were in comfortable margin, However, the liver
By levels could be considered little on the higher side
but this could be astbribubed to numerous factors like the
stock of rats, diet and method of estimstion, Moreover,
the point which we are making is the degree of deficits

in the deficient rats rather than the absolute values |}

The distribution of thiamine levels in the
present studies works out to be cortex, 25%; cerebellum,
30%; and the pooled regions, 45%. This pattern seems to
be in agreementlby and large, with that reported by
Dreyfus (1959). However, the pooled regions pose a
problem of interpretation in terms of the levels in the
individugl region, Nevertheless, the coﬁpuﬁed contri-
bution of these three regions to total thiamine of the
whole brain works out to be around 16 % and in terms of
concentration these regions are known to be equally rich
in thiasmine, Therefore, the thiamine levels of pooled
regions as whole is eXxpected to reflect, to large extent,
the levels in individual regions., It is of interest to

note that monophosphate and diphosphate esters of thiamine

273
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make up about 80 % of the total thiamine in brain; the
triphosphate ester and free thiamine each constitute
approximately 10 % of the total thiamine in the b}ain
(Dreyfus and. Geel, 1976}, However, the loss of the
diphosphate is greater in the pons, the site of major
pathological changes, than it is in any other part
(Pincus and grove, 1970},

This brings us to the observed deficits, as
presented earliér, in the brain regions in the present
study. MecCandless et al, (1968) ‘reported the deficits in
thiamine levels in the whole brain of progressively
deficlent rats, the deficits at the end of 3% and 4% to
5 weeks were 73 % and 84 %. The symptomatic stage was
around 4% Weeké. However, in the reversal studies, a
normal neurological state occurred with the brain thiamine
levels rising to only 26 % of normal, Whereas, we have
observed the computed deficit of 70 % in the whole brain
By levels at the end of 4.5 weeks in the symptomatic rats ;
the split up of defileit was - cortex, 66%; cerebellum 71%
and the pooled regions of medulla + pons + stem, 51 %.
This would seem to be anomalous in view of the observation
that total brain thiamine level in the symptomatic rats
was less than-20 % of normal (Dreyfus, 1261; Balaghi and
Pearson, 1966; Dreyfus, 1976b). Whereas, Hosein et al.(1966)
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reported that neurological symptoms occurred only when
the brain content of thiamine was lowered to 25 ¢ of the
normal values, This report was\further supported by the
work of others (DeCaro et al., 1956a; 1956b; Cerecedo

and Eich, 1955), However, Gubler (1976b} reported, as
adjudged from the published histogram, €5-70 % deficits

in symptomatic rats at the end of 25 days of thismine
deficient regimen, Not only the symptomatic stage was
reached at the deficits of gg%gg % but decreased in
glutamate level and increase in o<~ketoglutarate levels

in both blood and brain alone, with a significant decrease
in the brain GABA levels were observed by Gubler et al,
(1974}, 1In other words, these workers could find sympto-
matic as well as biochemical changes in the brain of rats
with defieits of 65—70-% in brain thiamine levels, Moreover,
Churqh (1935) had also suggested that subtle neurologiecal
changes may occur with a somewhat lesser depletion of
thiamine than that of 0 %. In view of this, the present
deficits reported zbove could be considered to reflect

the frank thiamine deficiency with the dietary regimen

employed in this investigation,

However, the extent of reduction observed in the
brain regions was varisble., The highest reduction (72%)
observed in cerebellum, is in agreement with the reportedly

higher incorporation of radioactive thiamine in cerebellum



followed by the brain stem of deficient pigeon (Itokawa
and Fujiwara, 1976}. Nevertheless, as admitted earlier,
the estimation of thiamine levels in the individual
regions of medulla + pons + stem would have thrown more
light on the actual pattern of By depletion in these

sensitive regions,

The question that remains ié whether the observed
decrease in thiamine levels in the thiamine deficlent
animals is functional ? The results presented above
indicate clearly two major aspects of this question, One .
is the establishment of frank symptoms of neurological
dysfunction at the terminal stages of the deficiency.
Secondly, the body weight deficits observed were comparable
with the reported values, MNMoreover, the mortality at this
stage of deficiency was relatively higher (6 out of 14 rats
died), The only point that stands out in resolving this
question is the computed deficit of 70 % of total thiamine
level in the whole brain, In light of the reports cited
earlier, this deficit, in our opinion, fairly reflects the
functional status of the animals, It goes without saying
_that more detailed studies are required to explain the
variation in By deficits in the different regions of the

brain,
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" Ultrastructural chenges in the brain stem of
thiamine deficient rats have been studied by Collins |
(1967}, Robertson et al, (1968} and Tellez and Terry
(1958}. collins (19&73 reported the cytoplasmic and
nuclear swelling of glial cells prior to any other
abnormelities, Robertson et al, (1968) also showed that
the earliest lesions were associated with intracellular
cedema involving glial cells and perivascular glial foot
processes, Later, oedema involved the extracellular space
and myelin sheaths. The impairment of energy-dependent
electrolyte transport by the perivascular glia was thought
t0 cause the oedema, Dreyfus (1976b) also pointed out

that the oedematous changes taking place in the selective
structures of the brain of progressively thiamine deficient
animals, In view of the various reports on oedematous
changes it was thought worthwhile to look into this aspect
and ascertain whether such changes occur in a magnitude
which could affect the moisture content of the whole brain
and thereby introduce an artifact in expressing the
biochemical parameters on the basis of fresh wet weight or

per gram wet weight,

The results of this study are shown in Table 38,
Ls can be seen from the Table, thiamine deficiency had no
effect on the moisture content of any of the tissues studied. .

The average moisture content of the brain regions in the
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control group was 78.69 + 0,561 in cortex, 77,10 + 0,13 in
T ¢n the pooled Tions -
cerebellum and 72,56 + 0,60 %4 Similarly, in the deficient
group the values were 77,19 + 0,30, 77.44 + 0,79 and
72,22 + 1.08 % respectively, Thus, moisture content of
all the tgssues studied remained essentially unaffected,
The reported edematous changes taking place in finer
structures of the deficient animals, in our opinion, require
more sensitive histochemical methods to refleet such a
change and the present methodology used, in no way, can
confirm these reports, As said earlier, our objectives
were limited only to gross changes in moisture content.
Andlhence, from the results obtained it can be safely
concluded that the expression of various biochemical para-
meters on the basis of fresh wet weight does not seem
to involve the artifact due to grosé changes in moisture
contents of the tissues studied. However, the study of

subcellular fractions and ultra structures may reveal more

clear picture,

As can be seen from Table 39, the brain weights
of the deficient groups were not significantly affected as
compared to 100 % B1 pair-fed controls, However, in the
last group the brain weight showed a somewhat downward trend,
This would naturally give rise to a gquestion of whether or

not the brain weight would have the same relationship to
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body weight regardless of whether the body weight was
attained by uninterrupted growhh, or was attained after
loss from a higher weight sttained earlier, as in the
case Of the deficient rats. when the body weights were
plotted against the brain weight per 100 g body welght
for the control rats, used throughout the course of this
investigation, the values for deficient rats fall
essentially on the same curve as the control rats (Fig., 8).
Thus, it appears that rats which attain a certain body
welght and then lose weight Quring thiamine deficiency,
also lose a proportionate amount of brain weight so that
the brain weight/body weight ratio is the same for rats
of a given weight, regardless of the direction from which

the weight is attained,

Table 39, also shows the ACh content and concent-
ration in the brain of the deficient rats. The 100 % By
pair-fed group had the brain ACh content of 2,54 + 0,15 ug
ané concentration of 1,97 + 0,12 pg/brain, The levels in
the 50 % By P.F. wer; significantly affected with a deficit
of 21 %. As earlier mentioned, the body weight of this
group was not affected in comparison to pair-fed group.

In the next group (25 % pair-fed), ACh content and concent-
ration were also significantly reduced with the deficit

of 32 %. The point of interest is that the there was not
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much difference in the body weight of this group (61 + 1.49)
as compared to 50 % B, pair-fed group (65 + 1.7), None-
theless, brain ACh leve was signhificantly lowered (pL0.01).
However, this group did not show any neuroclogical symptomé
at the end of experiment, In other words, the deficit of
32% in tﬁe brain ACh level was not of functional importance,
The deficit in the ACh level remained almost same (29 %)

in the 10 % By pair-fed group. The similarity in the
deficits of the latter two groups confirm the similarity

in their average body weights (61 + 1.4 g and 59 + 1,9 g
respectively}, at the end of the experiment, This
similarity, once again, conf¢rm that these two levels of
dietary thiamine could maintain similar thiamine status of
the rats in the two groups. However, further depletion
with time could have resulted in more drastic reduction in
the body weight as well as brain ACh levels, The 0 % By

ad lib,, as mentioned earlier, had a body weight reduction
of 74 % and 35 % as compared to the two controls, This
group had brain ACh content of 1,22 + 0,12 ug and concentra-
tion of 0,97 + 0,18. These two values were signififantly
lower as compared to pair-fed control (p 0.01). The
deficit in ACh concentration was 51 % which was drasticelly
lower than the earlier groups. This reduceé concentration

reflects the true ACh level in the symptomatic rats,



234

Another interesting aspect of this study is the
correlation betﬁeen dietary thiamine levels and brain Ach
content and concentrations, As shown in Figure 9, the
decrease in dietary thiamine levels seems to result in

the progressive deficits in brain ACh content as well as

concentration,

ks cited earlier, Cheney et al., (1969) reported
the deficits of 28-30 % in brain ACh levels of thiamine
deficient rasts at the end of 25-30 days of regimen inspite
of the fact that there was no indication of neuroclogical
disturbances, The similar defilecits were alsc obtained
following the treatment with pyrithiamine and oxythiamine,
regardless of absence of any neurological symptoms in the
rats received the latter antagonist, However, the
incorporation of (3—140}-pyruvate, in vivo, intc the
quantity of ACh and total radiocactivity in the brain of
pyrithiamine treated rats was significantly increased, But
similar increase was not opbserved in other two groups.
On the other hand, the injections of eserine, given prior
to development of convulsions, prolonged the 1life span of
polyneuritic rats suggesting that the changes in ACh might
play some role in the sequence of neurological events
leading to deatﬁ. The comparison between these results

and those of ours reveal that the ACh deficit of 28-30 ¢



285

'P3j Jidd = 4d

‘UMOoYs

94D (]04ju0d) jaIp By/ bw G} JO % SD S[IAJ| JUIWDIYY woibojsiy
J0 doj a3y} vV "3'S UYiim sS3N|DA 1ybia Jo ubaw JUasaiIdas SIN|OA
‘3UILIDIUY 3O S|9A3| JudJa}jIp P34 S{DJ 3y} JO S|323] YJv ulnig

{ 121p By /6w ) sjaAs; aulwolys K10431Q
qy po ju ‘4dSH0 4dS2€0 4dGLC 4dSt QUpPD Gt

- 6 b4

4

i1

tg %0

tg % Ot tg %Ge

tg % 06

tg % OOt

—_

woiq/ 67 yov [ e %00

uiniq 6760 yov




286

observed by these workers waé comparable with the ;imilar
deficits of 32 and 29 % in 25 % B1 and 10 % By pair-fed
groups, respectively.‘ Secondly, these two groups were

not found to exhibit the neurological symptoms which is in
agreement with the above cited studies, 1In terms of :
absolute values our values for ACh are somewhat lower than
those of Cheney et al, (1969)., This may be due to the
fact that their animals were given eserine, immediately

before decapitation, while we did not follow this method

in our studies,

As early as 1943, Lissak et al, reported a 37 %
reduction in the concentrations of ACh in the brain and
spinal cord of the thiamine deprived rats., cubler (1968)
also reported decrease in brain ACh levels of the deficient
rats, Heinrich et sl, (1973) observed the deficits of
42 % and 35 % in the concentrations of acetyi-Cofk and ACh
in the brain of the deficient animals, However, none of
the enzymes of cholinergic system were affected., The
reduction in the ACh concentration was correlated to

decreased availability of the precursor, acetyl-(Coi,

On the other hand, there have been reports that
the thiamine deficiency had no effect on brain ACh levels

in pigeons (Hosein et al, ,1966; Stern and Igic, 1970) and



in rats (Hosein et al., 19&6; Speeg et al., 1970;
Reynolds and Blass, 1975; Vorhees et al., 1977). Vorhees
et al, (1977) carried out detailed studies on ACh levels
and ACh utilization in the different areas of the rat
brain, They failed to find any difference in the ACh
levels of the deficient rats, However, ACh utilization\
was found to be decreased by 10-41 % in cortex, midbrain,

diencephalon and brain stem of the deficient rats,

In the light of the above cited reports, for
aﬁd against the effects of thiamine deficiency on the
brain ACh levels, our results favour the earlier reports
in favour of the adverse effect of the deficlency, More-
over, the present results indicate a fairly good correlation
between the dietary thiamine levels and brain ACh
concentrations., goon after the completion of our studies
Vorhees et al, (1977) reported their results (discussed
earlier}, These workers pointed out the Possibility that
the improvement in the techniques of killing the rats by
microwave irradiation and analysis of ACh by a specific
gas liquid chromatography would contribute much to the
refinement in this type of investigation, However, these
techniques are relatively recent ones and although elegant
are out of reach for most of the workers, Moreovér, one

is inclined to think that the appropriate controls used



in the so far conventional techniques would reflect the
same trend if not in absolute terms as judged by the new

technigues,

Let us now examine critically various theories
put forward for impaired synthesis of ACh in thiamine
deficiency, First, it was suggested that a reduction in
£Ch synthesis conld be induced in thiamine deficiency by
reduction in'the availability of high energy phosphates
produced by TCA cycle, To substantiate this theory one

would expect a rgduction in the concentrations of various
high energy phosphates in the brain of the deficient rats.
Contrary, to this expectation, the content and turnover
of brain ATP, ADP and AMP in the brain stem and cortex
were found to be not affected by thiamine deficiency
(icCandless et al., 1976; McCandless and Cassidy, 1976).
& second theory being pursued to explain the defreased
brain ACh levels was the reduction in the availability of
acetyl Cok for brain ACh synthesis in the deficient rats,
s mentloned earlier, Heinrich et al. (1973) reported 42 %
deficit in brain acetyl-Coi levels of the deficient rats,
However, Pyruvate dehydrogenase activity was not found to
be affected, Reynolds and Blass (1275) failed to find any
decrease in the brain acetyl-CoA levels of the deficient

rats, Unfortunately, both the studies did not go into

238

various regions of the brain, Thus, the gquestion of reduced-
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avajilability of the precursor, acetyl-(oh, remains still
unressolved, However, another line of evidence suggests
an involvement of pyruvate metabolism in ACh .synthesis.
Gibson et al.(1975) reported thet although the amount of
14C—pyruvate ultimately leading to ACh constitutes less than
1 % of that resulting in 14002 production, pyruvate
dehydrogenase inhibition causes a measureable impairment
in ACh synthesis., However, this does not explain the
mechanism by which the pyruvate metabolism would bring
about the change in ACh synthesis. It is pertinent to
poin§ out at this stage that rat brain ChAc has a Km of
18 pl for acetyl-CoA (White and Wu, 1973); whereas,
acetyl-CoA levels range from 7 to 11 uM (Sollenberg, 1970;
ghea and Aprison, 1975), In view of this, acetyl-CoA
concentration seems to be conspicuously less than the Xm
values of the enzyme, This would mean that any further
depletion in the acetyl-CoAi level would adversely affect
the rate of &€h synthesis as it happens in the case of
choline levels (Fernstorm, 1977)., Secondly, thiamine
deficiency is known to cause the lesions in specific brain
regions rich in thiamine diphosphate (Dreyfus, 1876b),.

In view of this one can not rule out all together, a
possibility of finding reduced acetyl-Cok levels in these

regions,



230

The reduced availability of acetyl-Cok in the
deficient animals is fhought to be mainly due to the
reduced activity of pyruvate dehydrogenase (Heinrich et al.,
1973}, However, the reports on the alterations in the
activities of this enzyme in the deficient animals have
been contradictofy. Koeppe et al, (1964) and Gubler (1268)
did not find a change of enzymatilc activity in brain
homogenates from thiamine deficient animals, However,
Dreyfus and Hauser (1965), Reinauser et al, (1968) observed
a decrease of pyruvate dehydrogenase (PDH) activity. Only
in the case of thiamine deficiency developed by use of
pyrithiamine, a marked reduction in pyruvate dehydrogenase
was observed by Gubler (1261), Bennet et al. (1966 ) and
Holowach et al, (1968). Considering that the activity of
pyruvate dehydrogenase enzyme is reduced to scme extent
then the question arises about the presence of intercon-
vertible active and inactive forms of this enzyme (Linn
et al,, 1969; wieland and Jagow-Westermann, 1969), Secondly,
as rightly pointed out by Dreyfus (1976b), "when one
compares the loss of enzyme activity in the encephalopathy
of thiamine deficiency (40-60 %} to that produced by a
numper of genetically determined metabolic encephalopathies
knownh to be caused by an enzymatic defect, one realizes
that the reduction in enzymatic activity in the tissues or

blocd off the symptomatic homozygote patient efflicted with
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such a disease 1s usually very pronounced, sometimes in
excess of 80 % while the asymptomatic heterozygote may
show as much as 50% reduction in enzymatic activity,
This fact alone casts serious doubts on the importance

of engzymatic failure as the major cause of impaired
neurological fanctién in the encephalopathy of thiamine
deficiency", This reasoning would not;only apply to PDH

but also to various other enzyme systems so far investigated,

In addition to the possible changes in the
concentration of brain acetyl-Coi of the deficient rats,
the following two plausible mechanisms have been suggested

by Heinrich et al. (1973} :

l. a change in the catalytic activities or

concentrations of ChAc and AChE ;

2, @a change in the release of ACh from the

Presynaptic nerve endings.

With a view to study the first possibility we
have carrled out the investigation into the changes in the
activities of brain AChE and Chic in the deficient rats,
The results of the same are presented in the following

pages,
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Effects of postweaning thiamine deficiency on
brain engyies : ‘

The results of the studies on the effects of the
thiamine deficiency on the(brain enzymes are presented in
Table 40,- The average body weights were similar to those
described earlier, Similarly, the profiles of the brain
weight in each group were essentially same as in the
previous experiment, It is interesting to note that
brotein levels were 11,82 + 0,07 g % in the ad lib,control;
12.23 + 0.24 g % in the pair-fed control; and 12,49 + 0,13
g % in the deficient grgup. Igggiﬁ:;xfm}ﬁfégﬁ@fazﬂgggthe
brain weights were significantly lowere@b the protein
levels of the deficient animsls were significantly higher
than those of the ad lib, group, (p<0.01). But as compared/
to pair-fed group the protein levels remained unaffected,
However, though DNA levels were nét found to be significantly
higher in the pair-fed (1.862 + 0,015) and the deficient
group (1,870 + 0,011 mg/g) as compared to ad ;;gl controls
(1.837 + 0.005 mg/g), the difference between the pair-fed
and the deficient animals was also not significant, The
values for protein/TNA ratio were also interesting in a
sense that this ratio essentially followed the pattern

observed in the previous two parameters,

The elevation in the protein concentration was

somewhat similar to that observed by Dreyfus (1976a).



233

*(I0°0»d) ToI3u0d pag-ared molIJ QUaIsJJITP ATUedTJTUSTS Seniep = ¢
*(T0°0 >d) ToIquod °QIL P8 WOIJ JUsIsIJITP ATJUeOTITUITS Sonfed = ®

*duodsd syg UL sjed Jo JequnU 9382TDUT Stssyzusled Ul sasqun) °3

‘STRULUR JUSTOTISP OUTWeTU] UT swoqduAs TedLt30Todnsu
Usdy JO JUemYSTTqe3Ss Uo ¥9oM Ulg J0 UY3G JO Pus ol 38 DOI[JTJIORS ados S3ed oyl °T

*H*E*S + Ueow SB passsadxse ads SaNTBA

66 °0+ 230°OF et o+ $20° 0+ LT+
$8°99 0L8°T 26% " 3L 8T qeg0°TS 2(9) *TWAL PE %0 ‘¢
86 *0+ 250 ° 0+ 30+ 920°0+ 0°T ¥
82,°99 298°T A e1e't 20°G9 o(8)peg-ated g % oot ‘2
080+ gTo' 0+ LO® O+ 130°0+ o'e * -

( 98°39 LE8°T 28°TT 86%°T o'eel  ,(8) "WI P '§ % 00T T

NG (8/3m) {%°8) - {8) (8)

To90ad TN ut230Jdd ‘M Utead *qam Apod dnoa?d *oll

.ﬁmusmspﬁumqoo
uredq sy3 uo AOSUSTOTJop ouTweTU] JuTurem-350od Jo $102JJH * O -oTdBI




231

However, he reported significant ipcrease in the brain
levels of protein and DRA of the pair-fed and the
deficient groups compared to the ad 1ib, group, but the
difference between the first two groups was stabtistically
non-significant, greyfus (1876a) reported decrease in
the protein/DNA ratio between the pair—fed and the deficient
group. Whereas, we could not observe similar difference;
instead the ratio was increased as compared to the ad 1lib,
group only, In view of the fact that the moisture content
was not found to be affected, the possibility of that
being artifact can be ruled out, However, in view of

the fact that the protein/DNA ratio in the deficient group
was not significantly different from that of pair-fed
controls, these differences'would not seem to contribute

much to the gross differences in the brain cells,

As shown in Table 41, the activities of AChE
and ChAc per gram brain welght remained unaffected in the
deficient group, The activities of both the enzymes in the
whole brain would be lower in the peir-fed as well as
the deficient group, These deficits are , perhaps,
due to the reduction in the brain size. In view of the
observed increase in the protein concentrations one would
expect the enzyme activities expressed on the basis of

these two parameters to be lowered, Since, such a change



Table-41 : Effects of post-weaning thiamine deficlency

on brain AChE and Chac activities, i

ACHE

(pmole substrate
hydrolysed/min,}

g brain

ng Proteind

mg DNA

ghAc

(pmole Y4¢_gcetyl
ch formed/hr,)

g brain

ng Protein3

mg DNA

4,48
+0,07

0,038
19.001

2.44
+0,021

100 % By

Pair-fed

- - 0 s Ut ks S W W W S N4 D G A G AN o S A N T Y G Y S Ao S WA MMM e ke Mk SO W T W S o W M M W3 U

4,55
+0,13

0,038
+0,001

2.44
ip.04

0% By

4,38
+0,16

0,035
+0,001

2,38

+0,10

2395

Values are expressed as Mean + S.E.M,

1. The rats were sacrificed at the end of the 5th or 6th
week on establishment of frank neurologicsl symptoms,

2. Nurbers in parentheses indicate number of rats in the group,

3. Aetivity per mg of brain protein,



was not observed these differences, as mentioned earlier,
do not seem to contribute much to gross changes in the

brain and perhaps, are not of any functional value,

Heinrich et al., (1973) could nof find any effect
of thiamine deficiency on the activities of AChE and Chac
of the rat brain, As mentioned earlier, these workers also
found reduced brain ACh and acetyl-Cos levels in the
thiamine deficient rats, Since the activities of the
enz&meé involved in synthesis and break-down of ACh, were
not affected the question would naturally arise as to how

this change was brought about?,

It is pertinent to re-examine the "hypothesish
of reduced availability of acetyl-CoA for ACh synthesis
in the brain of thiamine deficient rats, wurtman and
Fernstrom (1976) suggested that "susceptibility of neuro-
transmitter synthesis to the availability of precursors
probably reflects an interplay of three biochemical

mechanisms :

a) the propensity of rate-limiting biosynthetic enzymes
(such as ChAc in the present case) to require, for
full saturation, higher concentrations of their
substrates than are normally present in the brain

(Kaufman, 19743 white and wu, 1973);



b} the inability of the brain to synthesize or store
large amounts of these substrates and its conseguent
dependence on the circulation for obtaining them
(Wurtmen and Fernstrom, 1975; Ansell and Spanner,
1971) 5 and ‘

¢) the tendency for substrate levels in plasma to vary
within a considerable dynamic range, responding
primarily, but not exelusively, to food consumption
(wurtman et al,, 1968; Fernstrom and Wurtman, 1971;

and Cohen and Wurtman, 1976) %,

Although the coupling of synthesis rates to
precursor availability is a fairly widespread phenomenon
in mammalian cells, the question of such a phenomenon
occuring in the case of ACh synthesis, particularly in

thiamine deficiency, should be most” closely looked into,

As mentioned earlier, the brain Chac appears to be
unsaturated with its substrates in vivo, rat brain ChAc has
a Km of 400 uM for choline and 18 ull for acetyl-Coa (white
and Wu, 1973}, The concentrations of choline and acetyl-CoA
in the rat brain have been reported to be 37 ul (Cohen and
Wurtman, 1975; Stavinoha and Weintrauh, 1974; Schmidt and
gpeth, 1975) and 7 to 11 uM (Sollenberg, 1970; and Shea and
Aprison, 1975} respectively, 1In other words, both the

37
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substrates seem t0 be much below the levels required for
saturation of the enzyme of the two substrates., Choline
availability for ACh synthesis has been very well studied,
cohen and Wurtman (1975} reported significant elevation in
brain ACh and choline levels following the injection of
increased dose of choline, 1In the further studies, it was
also confirmed that increassed dietary levels of choiine
resulted in elevated concentrations of ACh and choline in
the different brain regions (Cohen and Wurtman, 1976;
growdon and Wurtman, 1979). Koreover, choline defilciency
was found to lower brain ACh levels (Nagler et al., 1968),
Similar correlation was abso oObserved between elevated
levels of the precursor amino acids in circuletion (due to
higher in&estion of the same} and subsequent higher levels
of bilogenic amines in the brain (Wurtmsn and Fernstrom,
19763 and Fernstrom, 1977). Thus, it seems quite‘possible
that elevation of substrate availability (due to manipula-
tion of dietary levels or otherwise) definitely leads to

subsequent greater synthesis of a neurotransmitter,

The other two biocchemical mechanisms mentioned
by Wurtman and Fernstrom (1976} would possibly, not apply
to availability of acetyl-CoA as its brain level is not
directly dependent upon the plasma level, Seconddy,
unlike choline, acetyl-Coh synthesis is not entirely

dependent upon any exogenous source,
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In éiew of the fact that ChAc is undersaturated
with both the substrates, i.e., choline and acetyl-Coi,
and the elevation of circulatory choline level results
" into increased concentration of brain ACh it would seem
to be logical to presume the same,correlation to underline
between the availability of acetyl-Coi, the second
precursor for ACh, and increased synthesis of ACh in the
brain. Jope et al,(1978) studied the effects of various
conditions which reduce the availability of acetyl-Cop in
order to test the susceptibility of ACh synthesis in
synaptosomes, The omission of glucose and/or succinste
from the incubation medium resulted in decreased synthesis
of ACh, Interestingly, the addition of bromopyruvate,
inhibitor of pyruvate dehydrogenase, also resulted in
decreased synthesis of ACh in the synaptosomes, There
was a linear correlation between inhibition of pyruvate
utilizetion due to bromopyruvate and the inhibition of ACh
synthesis, However, the reduction in‘chAc activity in the
presence of bromopyruvate could not account for the
observed inhibition of ACh synthesis, These authors are
of the view that the cholinergic nerve terminals may
contain a specialized type of pyruvate dehydrogenase for
supplying acetyl-Coi for ACh synthesis, 8econdly, their
results also supported the suggestion of Blass and Gibson

(1277) thet reduced carhohydrate utilization may result in



399

decreased ACh synthesis prior to any changes in energy
metabolism, Although, thiamine deficiency impairs the
pyruvate utilization, it is not certain that this
impairment could be compared with the bromopyruvate
inhibition studies cited above, However, the conversion
of (3—140) pyruvate into 140-A0h has been reported to be
impaired in the brain homogenates in vitro (but not in vivo)
following the thiamine deficiency and the treatment of

the antagonists (Gubler, 1976a}. 4lthough these studies
favour the contention that thiamine defieilency would
decreagse ACh synthesis through the impaired pyruvate
utilization, the gquestion of exaet mechanism through which
this change is brought about remains unresolved. One such_
possible mechanism could be the reduced availability of
hcetyl-CoA which would not involve any change in the
activities of brain AChE and Chéac.

However, to confirm this possibility much more
detailed studies are warrantéd. In addition to this
possibility, the non-coengzymatic function of thiamine in

- neural membrane requires detailed studies for possible

correlation with cholinergic system in the nerve endings.



10, In vivo studies on the Incorporation of the Radlo-
active lable into brain ACh from 1-1%¢ gcetate and

3H (methyl) Choline :

From the foregoing discussion it is apparent
that the deficiencies of protein, calories and thiamine
seem to affect brain ACh levels in the rags. However,
changes in ACh levels do not correlate well with the
observed changes in the activities of the cholinergic
enzgymes, In view of this, it was felt worthwhile to
study the effects on the incorporation of labelled

precursors into bfain ACh,

Similar isotopic techniques have been largely
used in vivo as well as in vitro to estimate changes in
ACh synthesis or to sﬁudy the characteristics of the
neuronal compartmentation of ACh in the central nervous
system, Labelled ACh appears\rapidly in the brain after
intravenous, intracisternal, subcutaneous or tissue

injections of either 1labelled choline or radioactive N

e g ot e i f“r:‘/ 3
S

precursors of the acetyl moiety (Schuberth et sl., 1969;  %§°..>
Chakrin and Whittaker, 1969; Lefresne et al., 1973; Tudek

and Cheng, 1974). As discussed earlier, various drugs

have been shown to affect the rate of ACh synthesis in the

brain, ‘Turnover rate of ACh has been reported to be affected
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by various drugs; these Observations have been extended
to different regions of the brain., However, there are
limited number of studles reported with regards to
nutritional deficiencies vis~a~vis rates of ACh synthesis

using radicactive precursors,

In the present study, a very preliminary attempt
has been made to throw some light on these aspects of ACh
synthesis. The weaning rats were fed 5 % protein diet,
thiamine deficient diet and the controls were pair-fed to
the deficient animals, Since, the rats fed 5 % protein
diet had comparable food intake only one control group
wes used, At the end of 6th week, 40 pCi each of 1-l4¢
acetate and 3H~-(methyl) choline were administered intra-
venously; the rats were killed at 30,60 and 90 seconds,
thereafter the brain samples were Precessed, as detailed
earlier, to get renickates of ACh and choline, separated by
chromatography, and counted in the liquid seintillation
counter using appropriate window settings and meking

corrections for quenching and "spill over,

The results of the same are presented in Figures
10 and 11, As can be seen from the figures, the number of
observations was very much limited, Hence it would not be
possible to evaluate the results quantitatively., These can,

at the best, serve as mere pointers. It is admitted that
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more detailed studies sre required to be carried out to

augnment these observations,

£s can be seen from Figure-10, 14¢ activity in
serum decreased with the progress of time after injection
of the precursors, Aipparently there is no difference in
any of the three groups of animals; 140 total activity
in the brain increased with the progress of time,  About
4% of the injected 14 activity was retained at the end of
30 seconds, eventually progressing to 5,5 % at the end of
90 seconds, 140’Activity in ACh per g brain inecreased

from 0,18 DPK X 10° at 30 seconds to 0,32 DPu ¥ 10° 4t

- the end of 20 seconds, However, there is, apparently, no
difference in the three groups, The radloactivity in ACh
pber g brain at 90 seconds constitutes 0,30 % of the injected
and 6 % of the total radioactivity in the brain,

3H Radioactivity at different times after

injection of the precursors is presented in FPigure-11,

The radiocactivity in the serum decreases with the time,
However, the asctivity is lower as compared to 14¢ radio-
activity in the serum, Apparently, there is no difference
in the profiles of the three groups. 3H Radiocactivity

in the brain was found to increase with the time. However,
it constitutes 0,4 % of the injected activity and 7 % of
the total radicactivity in the brain, 3H Radioactivity in



choline per g brain decreased with the time, The ratio

of radioactivity of acetylcholine to choline in the control
was 0,21 at 30 seconds and 0,55 at 90 seconds, This
suggests the linear incorporation of 3H-choline into

brain ACh,

&s mentioned sbove, the quantitative evaluation
of the data is not possible in wview of limited observation,
However, apparently there seems to be no significant
difference in the incorporations rates of the 1a§i' into
ACh in the brain of thiamine and protein deficient rats,

140 radiéactivity in brain ACh of the control group as

The
percent of injected radioactivity was less compared to

3H radicactivity in the same, This may be due to the fact
that incorporation of 1%¢ from 1-1%¢ acetate into brain
lipids is several times more as compared to other substrstes
(Tu¥ek and Cheng, 1974), Secondly, pyruvate and glucose

seems to be more important precursor of the acetyl group of

ACh (tollenberg and Sorbo, 19703 Tufek and Cheng, 1974).

Tt is interesting to note in this connection that
the incorporation of l4¢ 1a§ie into brain ACh from (8-140}—
pyruvate in vivo was not found to be affected in thiamine
deprived and oxythiamine treated rats, whereas, the pyri-

thiamine administration resulted in higher incorporation
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into brain ACh (Cheney et al., 1969). Interestingly, in
vitro studies revealed decreased incorporation of the
1a€3& from (8—146} pyruvate in both oxythiamine and
pyrithiamine rats but not in the thiamine deprived rats
(Cheney et al,, 19&9),

In summary, it can be said that present study
needs to be augmented with much more number of observations
and extension to investigate other aspects like incorpora-
tion rates of various precursors, estimation of indegenous
choline levels, ete, Further studies are warranted to

i

throw more light on the synthesis of brain ACh, in

particular,its turn-over rate in the deficient animals,



