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Summary 
Various animal and epidemiological studies support the hypothesis that lifestyle pattern 

may act as an important modifier of cognitive functions. In the past few decades 

researchers are more interested in the attempt to understand the potential of nutritional 

components in order to find out the relation between nutrition and cognitive functions. 

Behavioral and neurochemical studies suggested the role of various dietary intervention 

and neuronal modulations. Tree nuts including walnuts and almonds have shown 

potential to combat age-associated brain dysfunction. These nuts are an important source 

of essential nutrients. Dietary interventions may provide a low cost and low risk 

perspective in prevention of dementia. The primary aim of this study was to examine 

long-term walnut and almond administration on learning and memory functions. 

Different memory testing approaches were used following administration of nuts 

including elevated plus maze (EPM), Morris water maze (MWM), passive avoidance task 

(PAT) and novel object recognition task (NOR) in this study. Findings reported in 

chapter 3 of this thesis revealed that the rats supplemented with walnut and almond at the 

doses of 200, 400 and 800 mg/kg daily for a longer period exhibited significantly 

improved memorizing ability as compared to un-supplemented rats in a dose dependent 

manner. Serotonergic system has been extensively implicated in learning and memory 

process. Supplementation of tryptophan, the precursor of serotonin and an essential 

amino acid, showed modulatory effects on memory functions. Long term tryptophan 

administration has been shown to improve serotonergic neurotransmission and thus 

learning and memory performance in rodents. Since walnut and almond are rich source of 

essential amino acids and essential unsaturated fatty acids therefore, in chapter 4 and 5 

the role of serotonin in walnut and almond induced memory enhancement was examined. 

A significant enhancement in memory function of rats treated with effective moderate 

dose of walnut and almond was observed as compared to control in radial arm maze 

(RAM) and EPM. Analysis of brain monoamines revealed enhanced serotonergic 

function in rat brain following oral intake of nuts. Walnut and almond treated rats also 

exhibited a significant decrease in food intake while the change in growth rate (in terms 

of percentage) remained comparable between the two groups. The findings suggest that 

walnut and almond may exert its hypophagic and nootropic actions via an enhancement 



ix 

 

of brain 5-HT metabolism. The hypophagic effects suggest that nuts supplementation 

may have beneficial role in the treatment of obesity.  

The improved memory performance in healthy adult rats indicates that the use of nuts 

may also have beneficial effects in learning and memory deficits. Based on this 

hypothesis chapter 6 and 7 examined the effects of long-term walnut and almond pre-

administration in scopolamine induced amnesia. The results consistently revealed walnut 

and almond administration for longer period of time significantly improved memory 

retention by modulating cholinergic mechanism. This memory enhancing effect of 

almond was also observed in scopolamine induced amnesia model showing beneficial 

effects of nuts consumption in the attenuation of scopolamine induced memory 

impairment. These findings suggest a role of acetylcholine in the attenuation of 

scopolamine induced amnesia by almond.  

The brain is a highly metabolically active organ which makes it more susceptible for the 

damaging effects of oxidative reactive molecules than periphery. Neuronal oxidative 

stress is associated with age-related memory dysfunction and other neurodegenerative 

diseases. There is growing evidence that supplementation of walnut and almond give 

antioxidative protection. Therefore, the effects of long-term walnut and almond 

supplementation on scopolamine induced oxidative stress were also examined in chapter 

6 and 7. The findings revealed that scopolamine injection significantly impaired the 

memory function in rats pre-treated with saline which was accompanied by increased 

oxidative stress as evident by increased brain malondialdehyde (MDA) levels and 

reduced activities of antioxidant enzymes as compared to healthy controls. Pre-treatment 

with walnut and almond significantly ameliorated scopolamine induced oxidative stress 

and memory dysfunction.  

Possible mechanisms involved in the enhancement of memory following nuts 

consumptions are discussed. The findings reported in thesis suggest that dietary 

supplementation with walnut and almonds may have a beneficial effect on learning and 

memory performance in healthy subjects. The results also highlight the fact the nuts 

consumption may have potential to reduce the risk of oxidative stress induced memory 

loss and delaying or preventing the onset of age-related memory impairment. 
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Chapter 01 

GENERAL INTRODUCTION 

1.1. LEARNING AND MEMORY 

Our capability to retain the daily life experiences and to recall them in later stages 

depends on two types of information processing. First is the activation of neuronal circuit 

to acquire the new experience and in the second process the newly acquired information 

is consolidated by the brain for the time of retrieval (Preston and Einchenbaum, 2013). 

These two basic and fundamentals of life are called learning and memory functions. The 

learning and memory are two different processes which are interlinked with each other. 

Learning process modifies the person’s behavior which helps him to retain information 

and remember past experiences (Kandel, 2001; Rosenegger et al., 2010). Results obtained 

from animal studies, lesion experiments and in vivo microelectrode stimulation of the 

human brain have made the scientists to understand the complex process of memory 

formation (Scoville and Milner, 1957; Ojemann et al., 1988; Zola-Morgan and Squire, 

1990; Scoville and Milner, 2000). Contributions of cognitive neuroscientists have 

enabled to discover the role of brain that organizes new memories into networks of 

knowledge which can be easily accessible in a range of circumstances (Preston and 

Einchenbaum, 2013) but still much more remains to be discovered. 

The complex process of memory has been classified according to its content as 

declarative/explicit and nondeclarative/implicit (Uecker et al., 1997; Tulving and 

Markowitsch, 1998) or depending on the duration as short-term memory (STM) and 

long-term memory (LTM) (Fuster, 1998; Izquierdo et al., 1999; Vianna et al., 1999). 

Explicit and implicit memories are considered as long term memories. Implicit memories 

may be defined as the memories that are more concerned with the specific step-by-step 

procedures or particular feelings or emotions, therefore, referred as non-declarative 

memory as the person is unable to verbally recall/declare these memories. Whereas, 

explicit memories are related to the logical reasoning that the person recalls consciously 

(Polster et al., 1993; Markowitsch, 1997; Uecker et al., 1997; Tulving and Markowitsch, 
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1998). Studies suggested that the formation of explicit or declarative memories is 

associated with hippocampus while implicit or non-declarative memory has been related 

to striatum (Adamantidis and de Lecea, 2009; Kandel, 2001). 

1.2. SHORT-TERM MEMORY 

 Memory formation is the complex process that essentially requires multiple 

biochemical reactions at molecular level. STM results from a single training trial and 

retains for short period of time (Carew et al., 1972; Pinsker et al., 1973). STM, which 

retains from minutes to hours, is the initial and vital step in memorizing the event which 

leads to long-term storage (Bailey et al., 1996). This initial step of memory formation 

requires the alterations of pre-existing proteins and modulation of pre-existing synaptic 

connections (Bailey et al., 1996). This notion came from the observation that the 

inhibition of transcription and translation does not block the formation of STM (Bailey et 

al., 1992). STM does not result in any structural change, it involves a transient change in 

neurotransmitter level at synapse (Castelluci et al., 1989; Tully et al., 1994). It can easily 

be disrupted by strong or distracting stimuli (Liy-Salmon and Meneses, 2007). Studies 

have reported that inhibition of gene expression by drugs interrupts the formation of 

LTM but these agents do not impair STM (Meneses 2007a; Meneses 2007b). 

1.3. LONG-TERM MEMORY 

STM is consolidated into LTM by a protein-synthesis-dependent manner. 

Formation of LTM results from repeated training which lasts from days to years or even 

it can retain for life time (Castellucci et al., 1978; Carew et al., 1979; McGaugh, 1966). In 

nervous system the transfer of information from STM to long-term storage is 

accomplished by the activation of new gene expression (Goelet et al., 1986). In addition 

to transcriptional and translational processes, LTM also requires an appropriate signaling 

cascade by the activation of 2nd messenger which leads to the amplification and 

translocation of signal into the nucleus and targeting of newly synthesized proteins to the 

appropriate location in the cell (Lee et al., 2008; Bailey et al., 1996). The control of 2nd 

messenger mediated gene expression is started by continuous exposure of 

neurotransmitters and neuropeptides which increases synaptic plasticity (Michael et al., 
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1998; Grabham et al., 2005). Various studies differentiate STM from LTM and it has 

been reported by various authors that STM depends on the covalent modification of 

protein molecules that are already present while LTM requires the formation of new 

proteins (Wanisch et al., 2008; Nguyen et al., 1994; Bailey et al., 1992; Montarolo et al., 

1986).   

1.4. MOLECULAR BIOLOGY OF LONG-TERM MEMORY  

The brain initiates the process of learning and memory by the release of chemical 

signals in the form of neurotransmitters and neuropeptides. It is fairly well established 

that memory formation and its maintenance requires the involvement of various proteins 

(Cobb and Pitt, 2008). Initial studies on the transformation of STM to LTM in Aplysia 

and Drosophila focused on the role of cylic adenosine monophosphate (cAMP) as second 

messenger (Marinesco and Carew, 2002; Mackey et al., 1989; Glanzman et al., 1989). 

The increased level of cAMP binds with the regulatory subunits of protein kinase A 

leading to its cleavage from catalytic subunits. The free catalytic subunit of protein kinase 

A is then activated to phosphorylates different protein substrates in the synaptic 

terminals, such as proteins and potassium channels involved in exocytosis. This 

activation cascade leads to enhanced neurotransmitter availability and release 

(Castellucci et al., 1980; Kandel, 2012). Initial studies showed that repeated stimulation 

by serotonin (5-hydroxytyrptamine; 5-HT) results a more persistent rise in cAMP level 

that causes a long lasting forms of synaptic plasticity (Bacskai et al., 1993; Martin et al., 

1997). Phosphatase proteins present also play an important role in the regulation of 

initiation of long-term synaptic changes. Phosphatases, such as calcineurin, act as a 

memory suppressor by inhibiting the activity of protein kinase A (Sharma et al., 2003). 

Therefore, the balance between protein kinases and phosphatase activities can regulate 

memory storage and retrieval.  

Besides the protein kinases, memory formation also requires activation of 

transcriptional factors which then regulates the formation of new proteins (Dash et al., 

1990). Calcium ions (Ca++) also involved in memory functions. Ca++ activated other 

kinases such as calcium-calmodulin kinase (CaMK) that results in the modification of 

proteins or initiates translation of new protein (Eccles, 1983). The first conserved 
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sequence of DNA promoter was defined by Montminy et al., in 1986. These sequences 

are activated in response to high levels of cAMP and thus called as cAMP-response 

element (CRE). CRE sequences are sensitive to various transcriptional factors which then 

regulate the activity of RNA polymerase, thereby determining the level of gene 

expression (Montminy, 1997). CREB-1 (cAMP response element binding protein-1) was 

defined as a transcriptional activator. The activation of CREB itself requires protein 

kinase A, CaMK or mitogen-activated protein kinases (MAPKs) [see ref (Montminy, 

1997) for detail]. The activated signaling cascade by the activation of cAMP or Ca++-

dependent protein kinases leads to the phosphorylation and activation of CREB (pCREB) 

(Montminy, 1997) (Fig. 1.1). The CREB is important for LTM. In an experiment 

performed by Bourtchuladze et al (1994) using CREB knockout mice showed normal 

memory performance after 30 min of training but displayed impaired memory after 24 hr 

of training. The function of CREB is necessary during learning process for the formation 

of long-term memories. This was concluded from the experiment in which CREB 

function was inhibited after training which did not affect either STM or LTM. This made 

the scientists to conclude the notion that the CREB-dependent induction of gene 

expression starts during the learning process for the memory to be converted from a 

short-term to long-term storage form (Yin et al., 1994; Tully et al., 1994). To date, there 

are six molecular steps that have been defined for the biological description of STM and 

its conversion into LTM for both implicit and explicit memories including cAMP, protein 

kinase A, CRE, CREB-1 (transcriptional activator), CREB-2 (a repressor gene of 

memory) and the cytoplasmic polyadenylation element binding ptotein (CPEB) (Kandel, 

2012; Dudanova and Klein, 2013).  

1.5. SEROTONERGIC SYSTEM AND MEMORY FUNCTION 

Serotonin (5-hydroxytryptamine; 5-HT) has been implicated in various 

physiological behaviors (Schloss and Williams, 1998) such as mood, pain (Michalsen, 

2010), hypertension, sexual behavior, emotions, feeding, sleep, (Watts, 2005), cardiac 

control and cognitive behaviors (Terry et al., 2008; Sitaraman et al., 2008). The 5-HT 

projections that ascend from the raphe nuclei are associated with the modulation of  depression, 

  



  General Introduction 

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

. 
1
.1

. 
M

ai
n
 s

te
p
s 

o
n
 s

ig
n
al

in
g
 p

at
h
w

ay
s 

in
v
o
lv

ed
 i

n
 c

h
em

ic
al

 n
eu

ro
tr

an
sm

is
si

o
n
. 

N
eu

ro
tr

an
sm

it
te

rs
 r

el
ea

se
d

 i
n

 t
h

e 
p

re
sy

n
ap

ti
c 

te
rm

in
al

 a
ct

iv
at

e 

sp
ec

if
ic

 r
ec

ep
to

rs
 l

o
ca

te
d
 i

n
 t

h
e 

p
o
st

sy
n
ap

ti
c 

n
eu

ro
n
. 

P
ro

te
in

 m
o
d
if

ic
at

io
n
 a

n
d
 s

ec
o
n
d
 m

es
se

n
g
er

s 
ar

e 
p

ro
d

u
ce

d
 a

ft
er

 r
ec

ep
to

r 
tr

ig
g

er
in

g
, 

in
d

u
ci

n
g

 t
h

e 

ac
ti

v
at

io
n
 o

f 
tr

an
sc

ri
p
ti

o
n
 f

ac
to

rs
 a

n
d
 c

h
ro

m
at

in
 m

o
d
if

ic
at

io
n
s.

 

A
b

b
re

v
ia

ti
o
n

s:
 P

L
C

 –
 P

h
o
sp

h
o
li

p
as

e 
C

, 
P

IP
2
–
 P

h
o
sp

h
at

id
y
li

n
o
si

to
l-

4
,5

-b
is

p
h
o
sp

h
at

e,
 A

C
 –

 A
d
en

y
ly

l 
cy

cl
as

e,
 I

P
3
 –

 I
n

o
si

to
l-

tr
ip

h
o

sp
h

at
e,

 D
A

G
 –

  

D
ia

cy
lg

ly
ce

ro
l,

 P
K

C
 –

 P
ro

te
in

 k
in

as
e 

C
, 

P
K

A
 –

 P
ro

te
in

 k
in

as
e 

A
, 

C
aM

 –
 C

al
ci

u
m

-c
al

m
o
d
u
li

n
, 

C
aM

K
 –

 C
al

ci
u

m
-c

al
m

o
d

u
li

n
 k

in
as

e,
 M

A
P

K
 –

 

M
it

o
g
en

-a
ct

iv
at

ed
 p

ro
te

in
 k

in
as

es
, 

G
C

P
R

 –
 G

-p
ro

te
in

 c
o
u
p
le

d
 r

ec
ep

to
rs

, 
5

-H
T

 –
 5

-h
y
d
ro

x
y
tr

y
p
ta

m
in

e,
 N

M
D

A
 –

  
N

-m
et

h
y

l-
d
-a

sp
ar

ta
te

, 
C

R
E

B
 –

 

cA
M

P
 r

es
p
o
n
se

 e
le

m
en

t 
b
in

d
in

g
 p

ro
te

in
 

R
ef

: 
G

o
n
zá

le
z-

E
p
in

o
sa

 C
 a

n
d
 G

u
zm

án
-M

ej
ia

 F
 (

2
0
1
4
) 

B
as

ic
 e

le
m

en
ts

 o
f 

si
g
n
al

 t
ra

n
sd

u
ct

io
n
 p

at
h
w

ay
s 

in
v

o
lv

ed
 i

n
 c

h
em

ic
al

 n
eu

ro
tr

an
sm

is
si

o
n

. 
In

: 

Id
en

ti
fi

ca
ti

o
n
 o

f 
n
eu

ra
l 

m
ar

k
er

s 
ac

co
m

p
an

y
in

g
 m

em
o
ry

, 
M

en
es

es
 A

 (
E

d
),

  
p
p
: 

1
2
1

-1
3
3
. 

E
ls

ev
ie

r 
In

c.
 D

O
I:

 h
tt

p
:/

/d
x

.d
o

i.
o

rg
/1

0
.1

0
1

6
/B

9
7
8

-0
-1

2
-

4
0
8
1
3
9
-0

.0
0
0
0
8
-0

  

 



  General Introduction 

6 

 

aggression, mood and food intake (Owen and Nemeroff, 1994; Charney, 1998; Haller et 

al., 2005). 5-HT is synthesized in serotonergic neurons from tryptophan dietary precursor 

(Fig. 1.2) and released in the synapse where it performs its physiological function after 

binding with seven different types of post-synaptic receptors (5-HT1-7) (Hoyer et al., 

1994; Jacobs and Azmitia et al., 1992). 5-HT projections are present in almost all parts of 

the brain (Hoyer et al., 1994), and various 5-HT mechanisms are suggested to be useful in 

the treatment of memory deficits (Meneses, 1999; Xu et al., 2012). Aging, amnesia and 

Alzheimer’s disease are associated with reduced 5-HT transporters and receptors 

including 5-HT1A-1B, 5-HT2A/AC, 5-HT4, 5-HT6, and 5-HT7 receptors (Meneses, 1999; 

Rodríguez et al., 2012; Xu et al., 2012). The cognitive processes can be affected by the 

brain levels of 5-HT (Meneses, 2007 a,b). The role of 5-HT in learning in memory is not 

very clear. It is known that 5-HT system regulates cognition in a very complex manner 

because of the multiplicity of transporters and receptors (Cools et al., 2008).  5-HT2A 

(Wang and Arvano, 1998) and 5-HT4 (Barnes and Sharp, 1999) receptors have been 

found to enhance long-term potentiation whereas, selective 5-HT reuptake inhibitor 

blocks LTP in CA1 region of hippocampus (Kojima et al., 2003). Moreover, antagonist 

of 5-HT3 receptors can facilitate long term potentiation (LTP), which suggests that 5-HT3 

agonists may inhibit induction of LTP (Staubli and Xu, 1995). It is, however, not clear 

whether this effect is specific to LTP, or secondary to other changes.  

It is also observed that 5-HT4 and 5-HT-1A agonists enhance acetylcholine release 

measured in vivo microdialysis in the cortex and hippocampus (Yamaguchi et al., 1997; 

Koyama et al., 1999). The same is true for at least some receptors of the 5-HT2 family 

(Nair and Gudelsky, 2004). On the other hand, 5-HT3 agonist showed inhibition of 

acetylcholine release in the hippocampus (Diez-Ariza et al., 2002). No clear conclusions 

are thus possible regarding the overall effect of 5-HT on acetylcholine release in the 

hippocampus. Improved memory and higher production of cAMP, which is involved in 

consolidation of memory, have also been observed in both trained and untrained animals 

after administration 5-HT7 agonist (Pérez-García and Meneses, 2008a; Pérez-García and 

Meneses, 2008b). 
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1.6. ACETYLCHOLINE AND MEMORY FUNCTION 

Acetylcholine plays an important role in the memory consolidation (Wisman et 

al., 2008; Roland et al., 2008). Acetylcholine acts through muscarinic and nicotinic 

receptors present at postsynaptic site (Shekhar et al., 2008; Kenney and Gould, 2008; 

Dacher and Gauthier, 2008; Bainbridge et al., 2008). Drugs that mimic, increase or 

inhibit the degradation of acetylcholine showed improve memory performance 

(Pepeu and Giovannini, 2010; Peters and Levin, 1979). Memory loss observed in 

Alzheimer’s disease is also associated with the decrease cholinergic function (Peters 

and Levin, 1979). Cognitive deficits associated with Alzheimer’s disease can be reduced 

by elevating acetylcholine levels in the synapse or inhibiting the activity of catabolic 

enzyme (acetylcholinesterase) (Li et al., 2008; Bembenek et al., 2008). Stimulation of 

cholinergic neurons during development stages is also showed to enhance memory 

formation and storage. (Rasmusson, 2000; Power et al., 2003). 

Choline from dietary sources synthesizes acetylcholine (Fig.1.3) and deficiency of 

choline is reported to impair hippocampal acetylcholine release and thus impair memory 

in animals (Nakamura et al., 2001). Impaired memory following the use of cholinergic 

antagonist has been reported earlier (Fan et al., 2005; Tanabe et al., 2004). Choline 

supplementation has shown improved memory performance in rodents as well as in 

humans (Ladd et al., 1993; Buchman et al., 2001; Holmes et al., 2002). Acetylcholine is 

reported to enhance long-term potentiation in many areas of brain including hippocampus 

(Hureta and Lisman, 1995; Adams et al., 2004) and cortex (Cheong et al., 2001; Patil et 

al., 1998). It has been observed that the stimulators of nicotinic receptors improve 

performance, whereas, their antagonists induce memory deficits (Levin and Rezvani, 

2002; Levin, 2002; Shim et al., 2008; Kenney and Gould, 2008). Scopolamine is a non- 

selective post-synaptic muscarinic antagonist and induces memory impairment (Hancianu 

et al., 2013). This drug reduces the effectiveness of acetylcholine action by blocking 

some of the muscarinic receptors present at the synapse and inhibits depolarization 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Pepeu%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19941841
http://www.ncbi.nlm.nih.gov/pubmed/?term=Giovannini%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=19941841
http://www.ncbi.nlm.nih.gov/pubmed/?term=Giovannini%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=19941841
http://www.ncbi.nlm.nih.gov/pubmed/?term=Giovannini%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=19941841
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peters%20BH%5BAuthor%5D&cauthor=true&cauthor_uid=534419
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peters%20BH%5BAuthor%5D&cauthor=true&cauthor_uid=534419
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levin%20HS%5BAuthor%5D&cauthor=true&cauthor_uid=534419


  General Introduction 

8 

 

 

  

F
ig

. 
1
.3

. 
S

y
n
th

es
is

 a
n

d
 r

el
ea

se
 o

f 
ac

et
y
lc

h
o

li
n

e 
fr

o
m

 c
h

o
li

n
e 

 

(a
d
o

p
te

d
 f

ro
m

 i
n

te
rn

et
) 

F
ig

. 
1

.2
. 

S
y

n
th

es
is

 a
n

d
 r

el
ea

se
 o

f 
se

ro
to

n
in

 f
ro

m
 t

ry
p
to

p
h
an

 

(a
d

o
p
te

d
 f

ro
m

 i
n
te

rn
et

) 



  General Introduction 

9 

 

 (North et al., 1985). Hippocampal muscarinic receptors are involved in memory 

functions and are drug target for the treatment of schizophrenia, Parkinson’s disease and 

Alzheimer’s disease (Herrera-Morales et al., 2007; Langmead et al., 2008).  

1.7. OXIDATIVE STRESS AND MEMORY FUNCTION   

Brain is highly metabolically active and nutrients consuming organ (Wang et al., 

2010). The metabolic reactions result in the normal production of free radicals which are 

effectively scavenged by endogenous enzymatic and non-enzymatic antioxidants (Lobo 

et al., 2010). The imbalance between the production and elimination of free radical 

species leads to oxidative alterations of basic and regulatory processes in brain resulting 

in damaging situation known as oxidative stress (Lobo et al., 2010). Increased steady-

state free radical levels can be promoted by deficiency of antioxidant enzymes, drug 

metabolism or exposure to ionizing radiations as well as due to over-expression of 

oxidant producing enzymes (Schulz et al., 2008; Azzam et al., 2012; Deavall et al., 2012; 

Haddadi et al., 2014). The other possible reasons that eventually lead to oxidative stress 

are shown in Fig 1.4.  

The process of memory formation is sensitive to the integrity, stability and 

fluidity of neuronal membrane for proper cellular signaling transduction (section 1.3). 

Free radical primarily attack on the double bonds present in membrane lipid bilayer 

resulting in lipoperoxidation. Oxidation of membrane leads to loss of membrane fluidity 

and receptor conformation and potentially in cellular lysis that may lead to oxidative 

stress (Ayala et al., 2014). Oxidative stress is considered to have a major role in age-

related memory impairment (Jewell et al., 2013; Perluigi et al., 2012). The free radicals 

species, that induce oxidative stress, including singlet oxygen (1O2), hydroxyl radical 

(•OH), hydrogen peroxide (H2O2), peroxynitrites (ONOO−), superoxide anion radical 

(O2•−), peroxyl radicals (ROO·), and alkoxyl radicals (RO•), are reported in the 

progression of various degenerative disorders (Halliwell and Whiteman, 2004; Jung et al., 

2009). Oxidative stress leads to the formation of breakdown products that have been 

found in brains of patient suffering from Alzheimer’s disease including isoprostanes, 

acrolein, 4-hydroxy-2,3-nonenal and malondialdehyde (MDA) (Ayala et al., 2014). These 

compounds are highly reactive and the main neuronal and hippocampal cytotoxic lipid 
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peroxidation products and contribute to the dysfunction of membrane proteins and 

alterations of ionic transfers and calcium homeostasis resulting in increase calcium 

concentration (Feng and Wang, 2012; Ayala et al., 2014). The elevated level of calcium 

ions could itself induces a cascade of intracellular events, producing more free radicals 

and cell death and ultimately memory loss (Uttara et al., 2009).  

1.8. DIETARY INTERVENTION AND BRAIN FUNCTIONS 

Daily consumption of healthy diet is recommended for prolonging healthy life 

(Yamori, 2004; Tse and Benzie, 2004). Dietary intervention has an extensive influence 

on general health and aging (Caracciolo et al., 2014). It has been shown that dietary 

intake alters the progression of age-associated diseases such as memory loss, 

cardiovascular diseases and diabetes (Everitt et al., 2006). Scientists are searching for 

dietary patterns and particular nutrients that may improve brain function and hence 

decrease the chance of developing dementia (Whalley et al., 2004; Luchsinger and 

Mayeux, 2004). Studies suggest that extensive consumption of vegetables and fruits may 

decrease the risk of developing memory loss (Morris et al., 2006; Joseph et al., 2005). 

1.8.1. Role of dietary intake of tryptophan 

The synthesis and amount of 5-HT release in brain is usually regulated by the type 

of food intake (Wurtman and Wurtman, 1995). The administration of neurotransmitter 

precursor in purified form or through precursor-rich food can change plasma 

concentration thereby altering synthesis and release of neurotransmitter in brain 

(Fernstrom, 1983; Shabbir et al., 2013). Supplementation of tryptophan (Ashcroft et al., 

1965) or the diet which can increase the access of amino acid to the 5-HTergic neurons 

(Fernstrom and Wurtman, 1971a, b) rapidly stimulates the synthesis of serotonin. There 

are various foods that contain serotonin, such as vegetables, fruits, meat and cheese, but 

this serotonin is not easily available to the nervous system due to the presence of blood 

brain barrier but tryptophan can cross brain barrier easily and can be converted into 

serotonin. This conversion is occurred in the presence of coenzyme, pyridoxal phosphate 

(vitamin-B6), which is also derived from dietary sources (Dakshinamurti et al., 1990a, b, 

c).  Administration of tryptophan also increases serotonin release in neurons that are 

actively firing (Sharp et al., 1992). It was observed that brain 5-HT concentration 
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significantly increased after one hour of tryptophan administration (Fernstrom and 

Wurtman, 1971a, b). These effects are attributed to the 5-HT biosynthetic enzyme, 

tryptophan hydroxylase, which exists in unsaturated state with its substrate. Therefore, 

the concentration of tryptophan determines the rate of synthesis of 5-HT in brain 

(Lovenberg etal., 1968; Hamon et al., 1979). Tryptophan hydroxylase has the Km of 14 

µM whereas physiological concentration of tryptophan is about 5-7 µM so it is likely that 

increase in tryptophan concentration will also increase the synthesis of 5-HT.  Decreased 

5-HT concentration resulting from the low tryptophan intake induces sleep irregularity 

observed in depressed patients (Bhatti et al., 1998).  

Dietary tryptophan administration has been shown to improve serotonergic 

neurotransmission (Haider et al., 2007). It is also reported that long-term daily 

administration of tryptophan significantly enhanced short-term as well as long-term 

memory in water maze task (Haider et al., 2007). It has also been documented that 

tryptophan-rich foods may play an important role in reducing depression and aggression 

possibly by improving 5-HT neurotransmission. A negative association between dietary 

tryptophan and suicidal rate has been shown previously (Mawson and Jacobs, 1978; 

Voracek and Tran, 2007). It is also suggested that compromised 5-HTergic activity 

impaired consolidation of information from STM into long-term memory. These LTM 

impairments have been shown in various experiments using a variety of presentations [for 

detailed reviews, see (Sambeth et al., 2007; Schmitt et al., 2006). 

1.8.2. Role of dietary intake of choline 

Choline, the precursor of acetylcholine, is an essential nutrient which is required 

for various biological functions. Beside the precursor of neurotransmitter, choline also 

acts as the precursor of phosphatidylcholine and sphingomyelin, which are required for 

the structure and integrity of cell membranes (Zeisel et al., 1991). The oxidized form of 

choline converts homocysteine into methionine by donating a methyl group (Zeisel et al., 

1991; Hunt and Groff, 1990). Elevated homocysteine concentrations are related to an 

increased risk of Alzheimer’s disease and also associated with cognitive deficits in non-

demented individuals (Elias et al., 2005; Seshadri et al., 2002). The estimated adequate 

intake of choline is 425 mg/day for women and 550 mg/day for men (Zeisel, 2010). The 
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neurotransmitter acetylcholine is synthesized from choline and acetyl-CoA by the action 

of enzyme choline acetyltransferase. Cholinergic neurons obtain choline from the diet or 

from the metabolism of phosphatidylcholine (Zeisel and Blusztajn, 1994). The 

degeneration of cholinergic neurons and/or loss of enzymatic activity of choline 

acetyltransferase are consistently reported in patients of Alzheimer’s disease and is 

thought to responsible for the cognitive impairment observed in Alzheimer’s disease 

(Davies, 1999; Zeisel and Blusztajn, 1994; Muir, 1997). Sufficient choline concentration 

in brain is believed to prevent against age-associated learning and memory deficits and 

certain types of dementia (Tomimoto et al., 2005; Amenta et al., 2001). Prenatal choline 

supplementation in rats is reported to improve memory performance. The improved 

cognitive effects of prenatal choline-supplementation were long-lasting and persisted 

beyond the age of 2 y, an age at which a rat is developmentally old. Thus, choline 

supplementation at prenatal stage provides protection against normally observed memory 

deficits due to aging (Meck and Williams, 1999; Meck and Williams, 2003). 

Supplementation of choline has also been examined in older rats and it was observed that 

supplementation ameliorates age-associated memory dysfunction (Dickinson-Anson et 

al., 2003; Teather and Wurtman, 2003). It is therefore postulated that choline precursor 

loading may provide therapeutic benefit to those who suffer with the progressive 

neurodegenerative diseases. A study investigated the effect of dietary choline intake on 

memory in non-demented individuals and it was found that individuals with higher 

choline intake performed better on the memory tests (Poly et al., 2011). Choline and 

esters of choline are extensively distributed in dietary sources; however, animal products 

usually contain more choline per unit weight than plants. Milk, chicken, fish, eggs, and 

beef as well as plant products such as legumes and cruciferous vegetables are chief 

sources of choline (Caudill, 2010; Zeisel et al., 2003; USDA). 

1.8.3. Role of dietary intake of antioxidants 

The molecule which has the tendency to deactivate the free radical and reduce its 

toxicity is referred to as “antioxidant” (Sies, 1997). The antioxidant compounds can be 

synthesized endogenously or obtained from dietary sources (Lobo et al., 2010). Humans 

have evolved complex enzymatic and non-enzymatic antioxidant systems which work 



  General Introduction 

14 

 

synergistically to prevent the cells and organ systems of the body against free radical 

induced deleterious effects. Some components from dietary sources have the capability to 

augment endogenous activity and therefore, also classified as antioxidants (Rahman et al., 

2006). In recent scientific research antioxidant derived from diet are attaining more and 

more attraction because of their ability to protect food products from damaging processes 

of oxidation (Halvorsen et al., 2006). The preventive efficacy of antioxidants is 

dependent on the type of free radical that is generated, the site of generation and the 

severity of the damage (Halliwell and Whiteman, 2004). 

The consumption of antioxidants derived from diet sources such as vegetables and 

fruits have been recommended to decrease the oxidative damage (Halvorsen et al., 2006). 

Findings from studies conducted on cell culture, experimental animal (McCord, 2000; 

Halvorsen et al., 2006; Brigelius-Flohe et al., 2002; Cooper, 2004; Stanner et al., 2004), 

and also the epidemiologic studies (Halvorsen et al., 2006; Cooper, 2004; Stanner et al., 

2004), suggest that supplementation of foods rich in ascorbic acid, β-carotene and α-

tocopherol are associated with decreased oxidative stress-induced degeneration. 

However, various studies also exist in which supplementaion of α-tocopherol or β-

carotene did not support the hypothesis of reduction of oxidative stress following dietary 

intervention (Albanes et al., 1996; Omenn et al., 1996a, Omenn et al., 1996b; Rapola et 

al., 1997; Vivekananthan et al., 2003; Eidelman et al., 2004; Shekelle et al., 2004). 

Scientist suggested the possibility of synergistic action of many antioxidants present in 

fruits and vegetables (Halvorsen et al., 2006). The plant based diet contain a variety of 

antioxidants, including numerous naturally occurring carotenoids and various phenolic 

compounds, such as, lignins, stilbenes, coumarins, proanthocyanidins, lignans, 

flavonoids, and benzoic acid derivatives (Lindsay and Astley, 2002). Various authors 

hypothesized that these bioactive components, which collaborate in an integrated manner 

and provide protection in plants cells, may also cooperate in animal cells (Halvorsen et 

al., 2006). Hence, a network of antioxidants with different chemical properties may be 

required for appropriate prevention against damaging effects of oxidative stress 

(Bandyopadhyay et al., 2004; Packer et al., 2001; Buettner, 1993; Schafer and Buettner, 

2001). Antioxidant actions of some of the micronutrients are shown in Fig. 1.5 and Table 

1.1. 
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1.8.4. Role of dietary intake of essential fatty acids 

Plant derived polyunsaturated fatty acids (PUFAs), which are mostly obtained 

from seeds and nuts include, Alpha-linolenic acid (C18: 3n-3, ALA) and Linoleic acid 

(C18: 2n-6, LA). Eicosapentaenoic acid (C20: 5n-3, EPA) and docosahexaenoic acid 

(C22: 6n-3, DHA) are mainly obtain from fish. ALA found in nuts, is the precursor for 

the long-chain omega-3 fatty acid EPA, which is then converted to another omega-3 fatty 

acid, DHA. Omega-3 fatty acids have anti-inflammatory property and reduce the 

production of free radicals (Calder, 2006). It is important to note that DHA is the fatty 

acid which can incorporate in the neuronal membrane (Innis, 1992). The PUFAs, ALA 

and LA, are essential nutritive components, which cannot be synthesized in the body and 

must be obtained from the dietary sources. These fatty acids are important for the fluidity, 

stability, and formation of neuronal cell membranes. Deficiencies or abnormalities in the 

composition of cell membrane PUFA can change membrane microstructure and lead to 

the dysregulation of signal transduction (Haag, 2003; Dyall and Michael- Titus, 2008). 

Foods rich in PUFAs have protective effects in brain against various degenerative 

diseases related with age (Calder et al., 2010; Cole et al., 2010; Willis et al., 2010; Bazan, 

2006; Willis et al., 2009a) which may possibly induce age-associated memory 

dysfunction (Cole et al., 2010; Cole and Frautschy, 2010; Barberger-Gateau et al., 2002; 

Willis et al., 2009a). Dietary supplementation with PUFAs showed slow age-related 

cognitive decline in humans. It was found, in a prospective study performed on non-

demented older population, that intake of high dietary monounsaturated fatty acids 

(MUFAs) and PUFAs resulted in better cognitive performance (Solfrizzi et al., 2006). 

DHA is highly enriched in neuronal lipids and is one of the major highly unsaturated 

fatty acids of membrane phospholipids. Early studies suggested that age-related learning 

and memory impairment is associated with total decrease in phospholipids of frontal 

brain cortex (Bowen et al. 1973; Bartus et al. 1978; Barnes 1979). Previously aged rats  
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have shown decreased total DHA and arachidonic acid [20:4 (n-6)] composition in brain 

(Innis et al., 1995; Suzuki et al. 1998). 

It has been suggested that changes in membrane fatty acid composition and brain 

lipid metabolism occur with developing age (So¨derberg et al. 1990; Innis, 2007) and 

these changes are correlated with the age-related deterioration and impaired memory 

(So¨derberg et al. 1991, Innis, 2007). Therefore the dietary intake of unsaturated fatty 

acids has been suggested to reduce the memory deficits (Suzuki et al. 1998; Yehuda et 

al., 2002). Aged animals, fed an ALA-rich diet, showed improved learning ability and a 

longer mean survival time (Umezawa et al. 1995, Yamamoto et al. 1991). It is important 

to note that most people do not consume enough omega-3 fatty acids due to 

unwillingness or inability to consume marine sources of PUFAs in such cases nuts 

derived unsaturated fatty acids may provide pleasant and feasible way to consume dietary 

PUFAs.   

1.8.5. Role of dietary intake of nuts 

Nuts are energy-dense and fat rich foods, mostly contain MUFAs and PUFAs. 

They also contain a considerable amount of plant protein (source of arginine, lysine, 

tryptophan), vitamins such as folate, riboflavin, tocopherols. These nuts also contain 

minerals (magnesium, phosphorus, calcium, sodium and potassium) and trace elements 

such as zinc, copper, and selenium. According to US department of Agriculture (USDA) 

and National Nutrition Database, soluble fiber (raffinose and stachyose), and a number of 

other potentially neuroprotective compounds such as melatonin and numerous 

polyphenols are also present in tree nuts. 

Nuts are now considered as one of the food categories showing promise as a 

possible dietary intervention for age-related brain dysfunction (Salas-Salvado et al., 

2011). The dietary recommendations established by USDA states that tree nuts are an 

important source of dietary protein and are also important sources of dietary fiber and 

essential fatty acids (Carey et al., 2012). The commonly consumed tree nuts are walnuts 

(Juglans regia), almonds (Prunus amygdalus), pistachios (Pistacia vera), cashews 

(Anacardium occidentale), macadamias (Macadamia integrifolia and tetraphylla), and 
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pecans (Carya illinoinensis). Most current scientific research on the health benefits of 

nuts is from the field of cardiovascular research (Sabate and Wien, 2010; Albert et al., 

2002), and a limited amount of research is focused on the health benefits of nuts for the 

brain. In a prospective cohort study it was found that individuals who consumed nuts 

more than four times per week had fewer fatal coronary heart disease events compared to 

those who consumed nuts less than one time per week (Fraser et al., 1992). In another 

cross-sectional Nurses’ Health study (Hu et al., 1998) researchers found that women who 

frequently consumed nuts had a reduced risk of fatal coronary heart disease and non-fatal 

myocardial infarction. Moreover it was also observed that male subjects who consumed 

nuts two or more times per week experienced reduced risks of sudden death due cardiac 

failure and total coronary heart disease death (Albert et al., 2002). These observations 

suggest the potent anti-inflammatory and anti-oxidant effects of nuts. Tree nuts consist of 

a variety of constituents, such as phytochemicals and PUFAs that may be responsible for 

these health benefiting effects and may have the potential to combat age-related brain 

diseases.  

1.9. WALNUTS  

Important nutritive values of walnuts derived from USDA National Nutrient Database are 

shown in Table 1.2.  

Walnut kernels along with the pellicle have shown the highest phenolic levels among the 

25 types of commonly consumed foods tested by Gunduc and El in 2003 (Table 1.3). 

Walnuts are abundant in phenolic compounds, particularly syringic acid and juglone 

(Colaric et al., 2005). It has been found that walnut-bound polyphenol antioxidants are 

twice as potent as those found in almond and five times more effective than peanut in a 

lipoprotein binding assay that determines the binding and lipoprotein bound antioxidant 

activity (Vinson and Cai, 2012). Walnuts are mainly comprised of PUFAs (69% of total 

lipid) which make them an ideal source of essential dietary fatty acids (Feldman, 2002). 

While many nuts including almond contain more MUFAs than PUFAs (Feldman, 2002). 

Most of the health benefits of walnuts are attributed to PUFAs, walnuts contain a number 
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of other potential neuroprotective compounds including ellagic acid, vitamin E, folate, 

and numerous antioxidant polyphenolics (Fukuda et al., 2003). Walnuts also contain 

melatonin, a hormone synthesized in the pineal gland that is critical for circadian rhythm 

regulation (Reiter et al., 2005). Melatonin has been found to increase tryptophan-

hydroxylase activity (rate limiting enzyme for the synthesis of 5-HT) and significantly 

attenuate the age-induced impairments suggest the use of melatonin or melatonin rich 

foods in aging (Moranta et al., 2014). Deficiency of melatonin showed to induce 

degeneration of cholinergic neurons in the basal forebrain and deposition of protein 

aggregates in the brain leading to cognitive deficits and dementia (Lahiri et al., 2005). 

Melatonin is also a free radical scavenger and antioxidant (Tan et al., 1993; Tan et al., 

2003; Reiter et al., 2005). 

These nuts are extensively examined in various clinical and pre-clinical studies in 

last few years. The antidiarrheic, keratolytic, anti-microbial, antifungal, antihelmintic 

(Oliveira et al., 2008; Pereira et al., 2007, 2008), hypoglycemic and hypotensive activities 

of walnuts have been reported earlier (Fukuda et al., 2003; Pereira et al., 2007). Several 

lines of investigation have demonstrated the reduce risk of heart disease (Fraser et al., 

1992; Hu et al., 1998; Feldman, 2002; Banel and Hu., 2009) developing type 2 diabetes 

(Jiang et al., 2002) following the consumption of walnuts in diet. Decrease in total and 

low-density lipoproteins (LDL) cholesterol has also been reported previously following 

walnut consumption (Chisholm et al., 1998; Rajaram et al., 2009; Zambon et al., 2000). 

Whereas a polyphenolic-rich extract of walnuts has been shown to protect LDL from 

oxidative damage (Anderson et al., 2001). Reduced cancer growth in animals has been 

reported earlier by the supplementation of walnut in diet (Hardman and Ion, 2008) and 

oral administration of a polyphenolic- rich fraction of walnuts prevented liver damage in 

mice (Shimoda et al., 2008). It has been suggested that diet rich in walnuts may also help 

to reduce the progression of age-related diseases. Previously animal and human trials 

suggest potential positive effects of nuts on memory function particularly in older 

subjects (Pribis and Shukitt-Hale, 2014). Walnut phenolics repeatedly display strong 

antioxidant and free radical-scavenging activities (Fukuda et al., 2003; Colaric et al., 

2005). Scientists have suggested the role of dietary nutrients in the prevention of various 

diseases associated with oxidative stress such as cardiovascular disease, cancer and 
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neurodegenerative disorders (Everitt et al., 2006; Mckay et al., 2010). Previously in vitro 

studies have demonstrated that phenolic extract of walnut can inhibit fibrillization of 

amyloid-β (Aβ), solubilize pre-existing Aβ fibrils (Chauhan et al., 2004) and give 

protection against Aβ induced oxidative stress and apopotosis (Muthaiyah et al., 2011). 

1.10. ALMONDS 

Almonds are also among the nutrient-dense and energy-rich food providing 

multiple essential components (Table 1.2).   

Almonds are rich in monounsaturated fatty acids and are a good source of plant 

proteins, minerals, dietary fibers and vitamins (Carey et al., 2012; USDA). High fatty 

acids content, particularly LA and oleic fatty acids, present in almond accounts for over 

90% of the lipids in the almond seed (i.e. kernel) (Sathe, 1993). Almond also contains 

considerable amount of antioxidant polyphenols including morin, quercetin, quercitrin, 

kaempferol 3-O-rutinoside, isorhamnetin, and isorhamnetin 3-O-glucoside (Wijeratne et 

al., 2006).  Flavonoid content of almond is greater than walnuts and cashews (Harnly et 

al., 2006; shown in Table 1.4). Studies on almond in relation to cognitive performance 

are sparse. Most of the scientific studies are from the field of cardiovascular research 

(Jenkins et al., 2002; Wien et al., 2010; Berryman et al. 2015). These findings suggest the 

potential anti-oxidant and anti-inflammatory properties of almond. A clinical study 

conducted on humans demonstrated the antioxidant property of almond in smokers. 

Participants who consumed almond powder for four weeks showed enhanced serum 

tocopherol and plasma antioxidant enzymes activities, and reduced oxidative stress 

marker including MDA compared to baseline pretreatment, concentration (Li et al., 

2007). DNA damage in lymphocyte also reduced following consumption (Li et al., 2007). 

Almonds have also shown potential as a possible adjunctive intervention in Alzheimer’s 

disease (Kulkarni et al., 2010). Almond administration for 7-28 days has been shown to 

improve memory performance in scopolamine induced amnesic rats (Kulkarni et al., 

2010). These nuts have also demonstrated to reverse the scopolamine induced memory 

impairment probably by anti-cholinesterase, procholinergic and hypocholesterolemic 

activities (Kulkarni et al., 2010). The cholesterol lowering effects of almond are 
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important as high cholesterol is suggested to be associated with the aggregation of 

amyloid-β plaques in Azheimer’s disease (Refolo et al., 2000). Taken together these 

studies suggest potential of almonds to delay the onset of age-related memory disorder. It 

is important to note that most of the antioxidant content of almonds resides in the pellicle 

(thin brown skin that covers the almond seed) which is usually removed from seed 

through the process of blanching. The pellicle of almond contains about 70-100% of the 

total polyphenols (Monagas et al., 2007; Li et al., 2007). So the consumption of almond 

along with its pellicle is likely to have more positive health effects. 

1.11. PURPOSE OF STUDY 

The above mentioned literature highlights the recent experimental studies which 

have found association between individual dietary components and the well being of 

healthy as well as diseased subjects. Studies on animal models also point the beneficial 

effects of dietary components such as antioxidant nutrients, vitamins and essential fats. 

Though examination of individual constituent is better to explore the biochemical 

mechanisms for potential therapeutic agent but it is equally important to identify the 

association of consumption of whole food and disease process especially for general 

public health. Few years ago nuts were considered only as a snack or taken as a pleasure 

to eat. However, extensive studies conducted on animals and humans have shown that 

regular and daily intake of nuts through diet may reduce the onset of hypertension, 

gallstones, cancer, visceral obesity, diabetes, cardiovascular diseases, metabolic 

syndrome and give protection against aging. Experiments in this thesis are intended to 

examine the effects of daily and long-term supplementation of walnut and almond in rats 

with major emphasis on learning and memory functions. Since memory is regulated by 

neurotransmitter system and various dietary interventions have demonstrated to exert 

changes in neurotransmissions and memory performance, there is a possibility that 

supplementation of nuts may induce positive effects in healthy as well as in amnesic 

animal model.  

=The present investigation was divided into different major phases in order to find 

out the effects of long-term walnut and almond supplementation on memory performance 
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and the possible mechanisms.  Studies have attempted to examine the varying impact of 

dietary supplementation at different doses. Therefore initially the aim of the present study 

was to determine the efficacy of three different doses of almond and walnut on learning 

and memory functions in healthy adult rats in order to select the optimal effective dose 

for further experiments.  

Studies have demonstrated that serotonergic system modulates various behavioral 

and physiological functions. There are experimental studies that directly associate 

enhanced memory function with increase brain 5-HT level. Several research reports also 

show that the central serotonergic system can be modulated by tryptophan rich diet. For 

similar reasons, second aim of the present study was to investigate the effect of walnut 

and almond supplementation on serotonergic system and memory function. Since nuts are 

high-fat and energy dense food so it is logical that regular intake of nuts may lead to 

increased body weight and cholesterol levels, therefore growth rate and plasma 

cholesterol levels were also intended to be determined following the long-term 

administration of walnut and almond in rats. 

In the present work alterations in cholinergic function following walnut and 

almond supplementation were also examined. The decline in cholinergic system and 

consequently impaired memory with age has been well documented, therefore, 

researchers are looking for the drugs that can increase the levels of acetylcholine in brain 

to compensate the losses of cholinergic neurons, such as acetylcholine precursors, 

inhibitors of acetylcholinesterase or muscarinic agonists. Healthy dietary pattern is 

considered to delay to the onset or progression of age-related neurodegenerative diseases. 

Dietary interventions before the onset of disease have shown more successful results in 

reducing the pathological changes that disrupt memory function. For this reason, pre-

administration of walnut and almond was investigated for their potential to reduce the 

scopolamine induced amnesia in this study. Age-related memory dysfunction has also 

been associated with increased oxidative stress. An imbalance between pro-oxidants and 

antioxidants in brain is a hallmark of memory decline observed in older age. Since nuts 

contain considerable amount of antioxidant polyphenols the present study was therefore 
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also aimed to determine the effects of long-term walnut and almond pre-administration 

on scopolamine induced memory loss and oxidative stress.   

This study is of particular importance as no earlier studies had examined the 

effects of consumption of nuts on serotonergic and cholinergic functions and on oxidative 

stress induced in amnesic condition. It is hypothesized that findings would help in 

understanding the role of consumption of tree nuts in memory function in healthy and 

amnesic conditions and will also highlight the importance of these valuable nuts in daily 

diet to reduce the prevalence of age-related memory loss. 
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Chapter 2 

MATERIALS AND METHODS 

2.1. ANIMALS 

Locally bred male albino Wistar rats of weight as given in each experiment 

(purchased from Dow University of Health Sciences, OJHA campus, Karachi, Pakistan), 

were used in the study. To avoid effect of social interaction, animals were housed in 

individual cages (Fig. 2.1) with ad libitum access to cubes of standard rodent diet [A 

control diet (4.47 kcal/ g) containing 25% fat, 50% carbohydrate, and 25% protein] 

(Bocarsly et al. 2012) and tap water under a 12:12 h light/dark cycle (lights on at 7:00 

am) at controlled room temperature (22 ± 2°C). Before experiments, animals were 

subjected to three days of acclimation period and to various handling procedures in order 

to reduce the stress of novelty and handling. The experimental procedures were approved 

by the institutional ethics and animal care committee and performed in strict accordance 

with National Institute of Health Guide for Care and Use of Laboratory Animals 

(Publication No. 85-23, revised 1985). All efforts were made to reduce animal suffering 

and to minimize the number of animals used in the experiments. A balanced design was 

followed for all the treatments and behavioral procedures in order to avoid effect of order 

and time. 

2.2. REAGENTS AND CHEMICALS 

Trichloroacetic acid (TCA), ferric chloride (FeCl3) and dithiobisnitrobenzoic acid 

(DTNB), thiobarbituric acid (TBA), hydrogen peroxide (H2O2) stock (35%) solution, 

nitroblue tetrazolium (NBT) were purchased from British Drug House (BDH, Dorset, 

UK). Acetylthiocholine (ATC), hydroxylamine hydrochloride (H3NO.HCl), scopolamine 

and all other analytical grade reagents were purchased from Sigma Chemical Co. (St. 

Louis, USA). Chemicals used in HPLC analysis were of HPLC grade. 
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2.3. EXPERIMENTAL PROTOCOL  

Shelled walnuts and sweet almonds were purchased from the local super market 

which were then peeled, finely crushed and refrigerated in air tight bottle. A suspension 

of finely crushed walnut and almond was prepared in deionized water at different 

concentrations, which was then orally administered to the rats. Nutritional data for the 

almonds were derived from the USDA and Nutritional database. Specific treatments are 

explained in the respective chapters. Weighed amount of food was placed in the hopper 

of cages of both groups of rats. Food intake and body weight of all groups of rats was 

monitored. Test group was given walnut and almond suspension whereas controls were 

simultaneously treated with vehicle (water). The daily administration of walnut and 

almond suspension was continued until the day of behavioral analysis. Thereafter, rats 

were subjected to various memory assessment by elevated plus maze (EPM), radial arm 

maze (RAM), Morris water maze (MWM), passive avoidance task (PAT) novel object 

recognition (NOR) task before decapitation. Animals were decapitated in a nearby room 

separate from the experimental or treatment room. Blood was collected in heparinized 

tubes using heparinized funnels. Plasma samples were collected by centrifugation of 

heparinized blood in a bench centrifuge machine for 15 min. Whole brain was removed 

from the skull within 30 sec after decapitation. All samples were immediately stored at 

−70°C for neurochemical assays.   

2.4. BEHAVIORAL METHODS  

2.4.1. Food intake 

Weekly food intake was monitored. Food was placed in the hopper of the cage of 

each animal in known amount. Food intake was monitored by taking the weight of food 

left in the hopper of the cage after the required time period. 

2.4.2. Body weight (growth rate) 

Body weight changes were monitored to visualize the effects growth rate. Weekly 

changes of growth rates were calculated with the help of following formula:  
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Growth rate = (experiment day body weight/starting day body weight) x 100. 

2.4.3. Elevated plus maze (EPM)  

The apparatus used for EPM was consisted of four arms of equal dimensions; two 

open arms (50 × 10 cm) that crossed with two closed arms having walls of 40 cm high. 

These arms were connected together with the help of a central square (10 × 10 cm) that 

gives an appearance of plus sign to the maze. The EPM maze was raised 60 cm above the 

floor. The relative location of plus maze with respect to any object serving as a visual cue 

in laboratory to the animals was not changed. Two different procedures were followed in 

the present study as described below: 

2.4.3.1. % time spent in open arm 

This procedure and technique was essentially the same as reported by other 

researchers (Itoh et al., 1990; Parle and Dhingra, 2003; Dhingra et al., 2003) with some 

modifications (Lamprea et al., 2000). Previously, researchers have recorded the transfer 

latency by placing the rat at the end of an open arm. In the present study the rat was 

placed in the central area and the time spent in the open arm was recorded. The total cut 

off time was 5 min (test sessions). The test is based on the idea that rat acquires 

information about the spatial environment during the EPM test. Therefore, repeated 

testing on the EPM provides an index of acquisition and retention as the rat learns where 

it could be safe on the maze. In the present study memory was measured by the degree to 

which the rat remembers and avoids the elevated and unenclosed arms of the maze and 

prefers to stay in the closed arms. The test comprised for three days, the first day was 

considered as training session. In this session each rat was given 10 min to explore the 

EPM and then returned to the home cages. 2nd and 3rd day were considered as test 

sessions during which cut off time was 5 min. A significant decrease in time spent in 

open arm on subsequent plus maze exposure was taken as an index of successful memory 

retention. Total time spent in the open arm measured in the first day served as an index of 

learning and acquisition, whereas in the 2nd day it served as an index of retention of 

learned task (memory) and in the 3rd day further served as the index of consolidation of 

memory. 
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Fig 2.1. Rat placed individually a plastic cage 

Fig 2.2. Typical movement of a rat during training and test sessions  

of elevated plus maze. 
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2.4.3.2. Transfer latency 

This procedure was essentially the same as described previously (Dhingra et al., 

2006). The memory assessed in EPM was in two sessions. During the training phase each 

rat was positioned at the end of an open arm in such a way that its face was opposite to 

the central square. With the help of stop watch the transfer latency time (sec), that is the 

time taken by each rat to enter into any of the closed arm with all its four paws, was 

noted. To assess the memory retention the test phase was performed 60 min (acquisition) 

and 24 hrs (retention) after a training session. The cutoff time for both phases; training 

and test was 2 min for each rat for exploring the maze. A decrease in transfer latency 

during test sessions was taken as an index of memory improvement (Fig. 2.2).  

2.4.4. Radial arm maze (RAM) 

Spatial working memory testing using eight arm radial maze task was conducted 

as described by Neese et al. (2004) with slight modifications (Khaliq et al., 2006). The 

maze utilized in this research study consisted of a central platform, 32 cm in diameter, 

with 8 arms of equal length (58 cm) and width (12 cm) extending radially. Each arm had 

side walls of 38 cm high. The apparatus was mounted on a table so that it was 58 cm off 

the ground. Rats were freely allowed to visit all arms to get the food reward, which was 

placed near the end of one of the arm in a small plastic receptacle, this was habituation 

phase for 20 min. After 24 hrs, training was performed, during this phase all arms were 

blocked except one which was baited with food at small intervals in order to attract the 

rat to the end of the arm. Once the rat reached the end of the arm, the rat was returned to 

the central platform and the arm was rebaited in order to continue the training procedure. 

The training was continued for 15 min. At the end of 15 min food rewards were only 

placed at the end of the arm to train the rat to run to end of the arm to receive the reward. 

The test session was performed after 24 hrs of training, during which the same arm was 

again baited with food and rest of the arms were also unblocked, rats had free access to 

all arms (Fig. 2.3). The total cut off time was 5 min and the time elapsed before the rat 

entered the baited arm was recorded.  
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Fig 2.3. Typical movement of a rat during training and test sessions of radical arm maze. 

Fig 2.4. Typical movement of a rat during training and test sessions of Morris water maze. 
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Throughout the experiment, care had to be taken that the relative position of maze 

with respect to any object serving as visual cues in laboratory was not changed. To 

motivate the performance, rats were food restricted to 50% for 1 week before subjecting 

them to the RAM test but had free access to water.  

2.4.5. Morris water maze (MWM) 

The MWM test was performed to examine the effects on spatial memory as 

described by Morris in 1981. The maze used for rats is same as described earlier (Haider 

et al., 2011) and consisted of circular pool of water with a diameter of 45 cm, height of 

37 cm and depth of water is 12 cm. The metal pool painted white on the inner side and a 

wooden escape platform with a surface diameter of 8 cm was placed 2 cm below the 

surface of water during water maze training. The pool was filled with milky water (23 ± 

2oC) in order to obscure the platform. In the current study, acquisition and memory 

retention in terms of latency to locate the escape platform (Fig. 2.4) were assessed. The 

test is based on two phases; the training phase and the test phase. The cutoff time was 2 

min for each session. Memory functions of rats were tested by noting the escape latency. 

Initially, the training session was performed during which each rat was placed into the 

water facing towards the wall of the tank. After placing, 120 sec were given to each 

animal to find and mount onto the hidden platform. If it failed to locate the platform 

during the allocated time then it was guided gently to the platform and allowed to stay on 

it for 10 sec. The assessment of memory was performed 60 min after (acquisition) and 24 

hr (memory retention) following a training session during which escape latency was 

monitored. 

2.4.6. Passive avoidance task (PAT) 

2.4.6.1. Step-through latency 

The PAT apparatus used for this test consisted of two compartments of equal size, 

one was an illuminated ‘safe’ and other was a dark ‘punishable’ one. Both of these 

compartments were linked with the help of a door which allows rats to freely cross from 

one compartment to another. The compartments consisted of a grid floor that comprised 

of rods having a diameter of 5 mm and having a distance of 0.5 cm between the rods. 
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Initially the animals were trained by placing them in the illuminated compartment, when 

rat entered the dark compartment with its four paws, a foot shock of 1.5 mA was 

delivered for 3 sec to its paws via the rods of the grid floor. The moment the rat received 

an electric shock, it moved back to the safe ‘illuminated’ compartment. After 24 h of 

training, the test session was carried out in which each rat was again placed in the safe 

‘illuminated’ compartment and the time taken by the rat to enter the dark compartment 

was monitored (step-through latency) for 3 min (cutoff time) (Khaliq et al., 2006). An 

increase in step-through latency during test session was taken as an index of improved 

memory and vice versa (Fig. 2.5). 

2.4.6.2. Step-down latency 

Effects of long term almond administration on scopolamine induced amnesia was 

monitored by step-down latency in PAT apparatus. This was carried out after 5 min of 

intraperitoneal injection of scopolamine. The PAT apparatus consisted of transparent 

compartment with the size of 26 × 26 × 26 cm. This compartment contained a grid floor 

that consisted of rods having a diameter of 5 mm and having a distance of 0.5 cm 

between the rods. A 7 × 7 cm with the height of 2.5 cm wooden platform was placed on 

the floor of the box against the left wall. The method was essentially the same as 

described by Quevedo et al (1999). The rat was placed on the platform and latency to step 

down on the grid floor with all four paws was monitored. In training session, immediately 

after stepping down on the grid, the animal received a foot shock of 1.5 mA for 3 sec to 

its paws via the rods of the grid floor. After 60 min and 24 hrs of training, the test session 

was carried out in which rats were again placed on the wooden platform and the time 

taken by the rat step down on the grid with all four paws was monitored (step-down 

latency) for 3 min (cutoff time). In test sessions, no foot shock was delivered. An increase 

in step-down latency during test was taken as an index of improved memory and vice 

versa. 

2.4.7. Novel Object Recognition (NOR) test  

The experimental apparatus used for the object recognition task was an open field box 

(40 × 40 × 40 cm) made of gray painted wood. The method was essentially the same as 
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Fig 2.5. Training and test sessions of passive avoidance task. 

Fig 2.6. Three sessions of novel object recognition task. 
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that described by (Ennaceur and Delacour, 1988) with slight modification. The objects to 

be discriminated were two similar transparent glasses filled with white cement (A1 and 

A2) and a metallic container of the same size filled with white cement (new object, B). 

The test comprised of three phases: 1) Habituation phase 2) Training phase and 3) Test 

phase (Fig. 2.6). On the 1st day, each rat was initially habituated to the open field box 

without any object for 15 min. On the 2nd day, each rat was placed in the open field for 

15 min and allowed to freely explore two identical objects A1 and A2 (two glasses filled 

with white cement). On the 3rd day, during the test phase, one old object used during the 

training session was replaced by a novel object (B) and rat was left to explore the objects 

for 5 min. Both objects presented during the test session were different in texture, color, 

and size. A recognition index was calculated by the ratio TB/(TA + TB). [TA = time 

spent exploring the familiar object A; TB = time spent exploring the novel object B] as 

described by Luine (2015). Exploration of an object was defined as sniffing or touching 

the object with the nose and/or forepaws. Turning around or sitting on the object was not 

considered as exploration. 

2.5. BRAIN DISSECTION TECHNIQUE 

Conscious rats were decapitated and brain was taken out immediately within 30 

sec from skull. The skin covering the skull was cut along the midline and removed to 

expose the dorsal skull plates. The plates were split by introducing one blade of a pair of 

scissors along the midline. The plates were then twisted and turned out across the lateral 

border to expose the brain. The membrane covering the brain was removed with the help 

of fine forceps. The brain then taken out using spatula was dipped in ice cold saline. 

Brain sections are dissected out as defined before (Haleem et al., 1990; Haleem and 

Perveen, 1994). 

2.5.1. Micro dissection of brain areas 

The freshly dissected brain was placed in beaker filled with chilled saline (0.9 % 

NaCl) and then placed in the molded cavity of brain slicer with ventral side up (Fig. 2.7). 

A thin sharp stainless steel blade was placed into the slots of the brain slicer just above 

and below the hypothalamus extremities to cut the brain into 3 slices. The slices were 
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transferred to the petri dish kept on ice, moistened with ice cold 0.9% NaCl. Desired 

brain regions were identified with the help of stereotaxic atlas. The tip of first slice was 

taken as frontal cortex. From the middle slice hippocampus was dissected out with the 

sharp scalpel (Fig. 2.8). All the sample were placed at low temperature (-70°C) until 

neurochemical analysis. 

2.6. BIOCHEMICAL ESTIMATION OF PLASMA CHOLESTEROL 

LEVEL BY ZLATKIS METHOD 

Cholesterol reacts with ferric chloride acetic acid reagent. After dehydration it 

gives 3,5-cholestadiene or 2,4-cholestadiene, which polymerizes to form dimmer and 

trimmer. Now the mixture reacts with concentrated sulfuric acids to form colored 

sulfonic acid, which gives maximum absorbance at 560 nm. It is believed that the direct 

procedure without preliminary extraction does not give reproducibility. This is due to the 

presence of chromagens, which may react with the sulfuric acid and interfere with 

reading of the cholesterol. 

0.1 ml of each plasma samples and 9.9 ml of ferric chloride acetic acid reagent 

(0.5 g ferric chloride in 1 L glacial acetic acid) was taken in test tubes. Samples were kept 

for 10-15 minutes at room temperature and then incubated at 60oC for few minutes to 

precipitate and cool. For calibration curve 0.2, 0.4, 0.6, 0.8 and 1.0 ml of working 

cholesterol standards (0.1 mg/ml) were taken and incubated at 60oC to evaporate 

chloroform in water bath. After evaporation 5 ml of ferric chloride acetic acid reagent 

was added in each tube. All the tubes were centrifuge at 8,000 rpm for 10-15 minutes, 

5ml of supernatant was taken in a separate tube. In blank only 5ml of ferric chloride 

acetic acid reagent was taken. 3ml of concentrated sulfuric acid was added in all tubes of 

samples, standards and blank. Tubes were incubated for 10-20 minutes at room 

temperature and the maximum absorbance was recorded at 560 nm. Calibration curve of 

cholesterol prepared during estimations was used to calculate the cholesterol 

concentration in each sample as mg/dl. 
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2.7. NEUROCHEMICAL ESTIMATIONS 

2.7.1. High performance liquid chromatography with electrochemical detector 

(HPLC-EC) 

The biogenic amines were detected in a single sample by reversed phase HPLC 

with electrochemical detector. It is one of the most sophisticated analytical techniques 

with high resolution, speed and sensitivity. In reversed phase HPLC, samples are 

separated in order of their affinity for a stationary phase consisting of hydrophobic chains 

chemically bonded to a rigid support (silica). Thus it is important that mobile phase be 

suited to the sample. The composition of mobile phase i.e. organic solvents and salt 

concentration play a major role in optimizing the separation. The HPLC operates at high 

pressure (upto 5000 psi) to give short analysis time. Among the number of HPLC 

separation techniques, reversed phase chromatography with C18 ODS (octadecylsilane) 

column is widely used for the separation of indoles, catechols and their metabolites. 

The concentration of biogenic amines is very low in brain tissues and reversed 

phase HPLC allows the detection of amines in a range of nanograms down to the 

picogram range with a high speed and low retention time. With the help of this technique 

simultaneous analysis of biogenic amines of both classes i.e. indoleamines, 

catecholamines and their metabolite in a single chromatographic run is possible. The 

system used in the present study is shown in Fig. 2.9a. Flow diagram of this system is 

shown in Fig. 2.9b. 

2.7.1.1. Stationary phase 

In the present investigation a 5μ Shim-pack ODS separation column of 4.0 mm 

internal diameter and 150 mm length was used. Retention time depends upon the 

concentration of organic solvent (methanol) and pH of mobile phase. Increasing pH 

results in the shorter retention time of acidic compounds. Increasing concentration of 

methanol generally decreases the retention time. Addition of anionic detergent octyl 

sodium sulfate (OSS) increases the retention time of amines and also slightly decreases 

the retention time of their acid metabolite. 
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2.7.1.2. Mobile phase 

The composition of mobile phase was OSS 0.023%, methanol 14%, 

ethylenediaminetetraacetic acid (EDTA) 0.0035% in 0.1 M phosphate buffer of pH 2.9. 

Flow rate of mobile phase was 1.5 ml/min. 

2.7.1.3. Electrochemical detection 

Detection of biogenic amine and their metabolites in the present work was 

accomplished by using detector (Shimadzu LEC 6A) with glossy carbon electrode. The 

potential maintained was +0.8 V to +1.0 V vs Ag/AgCl as a reference electrode. In this 

type of detection amines and their metabolites separated on reverse phase column pass 

through the electrochemical detector. 5-hydroxy, 5-methoxy indoles and catechols are 

oxidized at carbon electrode to form respective quinone-imine products with the removal 

of two electrons (Fig. 2.9c). The electron generates current proportional to the indoles 

and catecholes concentration at the electrode surface. The electrode potential used in the 

present study was +0.8 V for indoleamines and +1.0 V for tryptophan.  

2.7.1.4. LC-solution software 

An HPLC system, with LC solutions data handling system was used for the 

quantitative estimations. The data was recorded using LC 2010 solutions software. 

2.7.1.5. Extraction of indoleamines, their metabolites and tryptophan from brain tissue 

Frozen brains were homogenized in extraction medium in 5-10 volumes of 0.4M 

perchlorate, containing 0.1% sodium metabisulfate, 0.1% EDTA and 0.01% cysteine, 

using an electrical homogenizer. The homogenates were left in a refrigerator for 10-15 

minutes to aid the precipitation. Proteins were removed by centrifugation at 10,000 × g at 

4 °C in eppendorf tubes for 15-20 min. Supernatants were used for HPLC analysis.  
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 Fig 2.9. HPLC-EC system used for neurochemical analysis (a). Flow diagram of 

HPLC-EC (b). Oxidation reduction reaction in HPLC-EC (c). 
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2.7.1.6. Calibration of method 

Before analyzing the samples by HPLC the system was calibrated using following 

standards separately to identify their respective retention times. Finally a solution of 

standards in following concentration was prepared: 

 5-Hydroxyindoleacetic acid (5-HIAA): 100 ng/ml. 

 5-Hydroxytryptamine creatinine sulfate (5-HT-CS): 100 ng/ml. 

 Tryptophan: 2 µg/ml. 

Chromatograms of standard and test solution containing tryptophan, 5-HIAA and 

5-HT are shown in Fig. 2.10-2.14. 

2.7.2. Determination of brain acetylcholine content 

The tissue acetylcholine content was estimated by the method of Hestrin (1949) as 

described by Augustinson (1957) with slight modification. After isolating and weighing, 

0.08 g tissue was teased and transferred in tubes already kept in boiling water bath. The 

tubes were cooled and contents were in distilled water to make a 10% homogenate. 1 ml 

of TCA (1.84 M) was then added into the tubes. Next, an equal volume of homogenate 

and alkaline hydroxylamine hydrochloride (containing equal volume of 3.5N NaOH and 

2M H3NO.HCl) was mixed and allowed it to stand for 10 min after that 0.2 ml of 1:2 

dilute hydrochloric acid was added. The content was centrifuged at 3500 rpm for 10 min 

and supernatant was collected. 0.2 ml of FeCl3 (0.37M prepared in 0.1N HCl) was added 

to the supernatant. The absorbance of the sample was measured at 540 nm in a 

spectrophotometer against a blank. The concentration of acetylcholine was calculated 

using the standard curve and presented as μmol/g of brain. 

2.7.3. Determination of brain acetylcholinesterase activity  

Acetylcholinesterase activity in the brain was estimated as described by Ellman et 

al., (1961) using ATC as a substrate. Reaction mixture containing brain homogenate  
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Fig. 2.10. Trace of HPLC-EC chromatogram showing separation of indoleamines in a 

standard 
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Fig. 2.11. Trace of HPLC-EC chromatogram showing separation of indoleamines in 

the brain of control rat  
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Fig. 2.12. Trace of HPLC-EC chromatogram showing separation of indoleamines in the 

brain of walnut treated rat.  
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Fig. 2.13. Trace of HPLC-EC chromatogram showing separation of indoleamines in the 

brain of almond treated rat.  
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Fig. 2.14. Trace of HPLC-EC chromatogram showing separation of tryptophan in standard (a) 

and in the brain of control (b), walnut (c) and almond (d) treated rats.  
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(0.02 g/ml; 0.4 ml), 2.6 ml of phosphate buffer (0.1M, pH 8.0), and 100 μl DTNB was 

mixed by bubbling air and placing it in a spectrophotometer. Once the reaction content 

was stable, absorbance was noted at 412 nm for the basal reading followed by addition of 

5.2 μl of ATC to this cuvette. Any change in absorbance was recorded from zero time 

followed by 10 min at 25°C. The activity of acetylcholineasterase was expressed as μmol 

of ATC hydrolyzed/min/g of brain tissue. 

2.7.4. Oxidative parameters 

The whole brains were removed, rinsed in isotonic saline, and weighed. A 10% 

(w/v) tissue homogenate was prepared with 0.1 M phosphate buffer (pH 7.4) which was 

obtained by centrifugation at 12,000 × g for 20 min at 4oC for the estimation of lipid 

peroxidation, superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase 

(CAT) activities.  

2.7.4.1. Determination of malondialdehyde (MDA) content 

Estimation of lipid peroxidation was essentially the same as described by Chow 

and Tappel (1972) with slight modifications. In a reaction mixture 100–500 μl 

homogenate was taken and 2 ml of TCA (15%)–TBA (0.375%) mixture was added. The 

mixture was boiled for 20 min in water bath, cooled with ice cold water at 4oC and then 

centrifuged at 3500 rpm for 10 min. Supernatant of light pink color was then collected 

and absorbance was taken at 532 nm. Lipid peroxidation was expressed as μM of MDA/g 

of brain tissue.  

2.7.4.2. Determination of superoxide dismutase (SOD) 

The SOD was estimated by the method of Chidambara et al (2002), based on the 

reduction of NBT to water insoluble blue formazan. Homogenate (500 μl) was mixed 

with 1 ml of 50 mM sodium carbonate, 0.4 ml of 24 μM NBT, and 0.2 ml of 0.1 mM 

EDTA. The reaction was initiated by adding 0.4 ml of 1 mM hydroxylamine 

hydrochloride. Change in absorbance was recorded from zero time followed by 5 min at 

560 nm at 25oC. The control was simultaneously run without homogenate. Units of SOD 
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activity were expressed as the amount of enzyme required to inhibit the reduction of NBT 

by 50%. The specific activity was expressed in terms of U/g of brain tissue. 

2.7.4.3. Determination of glutathione peroxidase (GPx) activity 

GPx activity was measured by the procedure of Flohe and Gunzler (1984). One 

ml of reaction mixture was prepared which contained 0.3 ml of phosphate buffer (0.1 M, 

pH 7.4), 0.2 ml of reduced glutathione (2 mM), 0.1 ml of sodium azide (10 mM), 0.1 ml 

of H2O2 (1 mM), and 300 μl of brain supernatant. After incubation at 37oC for 15 min, 

reaction was terminated by addition of 0.5 ml 5% TCA. Tubes were centrifuged at 1500 

× g for 5 min, and supernatant was collected. Phosphate buffer 0.2 ml (0.1 M, pH 7.4) 

and DTNB 0.7 ml (0.4 mg/ml) were added to 0.1 ml of reaction supernatant. After 

mixing, absorbance was recorded at 420 nm. Activity of GPx was expressed as μmol of 

H2O2 decomposed/min/g of brain. 

2.7.4.4. Determination of catalase (CAT)   

CAT was estimated using a previously reported method (Sinha, 1972). The 

reaction mixture contained 1.0 ml of 0.01 M phosphate buffer (pH 7.4), 100 μl of 

homogenate, and 0.4 ml of 0.2 M H2O2. The tubes were incubated at 37oC for 90 sec. The 

reaction was stopped by adding 2.0 ml of dichromatic-acetic acid reagent (5%). Further 

samples were incubated at 100oC for 15 min in a boiling water bath. The control was 

carried out without addition of homogenate, and then amount of H2O2 consumed was 

determined by recording absorbance at 570 nm. CAT activity was expressed as mmol of 

H2O2 consumed/min/g of brain tissue. 

2.8. STATISTICAL ANALYSIS 

Data were presented as mean + SD or SEM and statistically analyzed using SPSS 

version 20. Different statistical tests were used in the present study, which are mentioned 

in the individual chapters. Values of p<0.05 was considered as a statistically significant 

difference.     
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CHAPTER 3 

Dose dependent effects of long-term supplementation of walnut 

and almond on learning and memory functions 

3.1. INTRODUCTION 

Recent evidences suggest that dietary intervention of functional foods such as 

nuts, berries and herbs may affect the general health and central nervous system (Yehuda 

et al., 2005; Caracciolo et al., 2014). The specific dietary interventions such as high 

intake of the Mediterranean diet are associated with reduced risk of memory impairment. 

This association is attributed to the increase availability of essential nutrients (Morris et 

al., 2005; Commenges et al., 2000; Engelhart et al., 2002). In a prospective cohort study 

in people older than 65 years showed a significant negative correlation between the 

development of Alzheimer’s disease and the consumption of a dietary pattern that was 

rich in nuts, tomatoes, poultry, fish, salad dressing, fruits, green leafy and cruciferous 

vegetables while low in butter, red meat, organ meat, and high-fat dairy products (Gu et 

al., 2010). Some other studies also found the beneficial effects of the Mediterranean diet 

in reducing the risk of memory loss and mortality rate in patients suffered from 

Alzheimer’s disease, emphasizing the important role of bioactive compounds which are 

abundantly present in nuts and other plant derived foods (Scarmeas et al., 2006; Nooyens 

et al., 2011). The effects of nuts on cognitive behavior, in particular, have attracted the 

interest of researchers from 2009 when Willis and co-workers reported that aged rats that 

were fed with 2% and 6% walnut rich diet for eight weeks exhibited improved motor 

performance and cognitive skills as compared to rats that were fed with standard rodent 

diet (Willis et al., 2009a). Human studies have also been shown compelling evidences for 

the potential of nuts to counteract depression and age-associated memory impairments 

(Nooyens et al., 2011; S´anchez-Villegas et al., 2011). Walnuts and almonds are rich in 

mono- and poly-unsaturated fatty acids, phytosterols, phenolic compounds and other 

essential micronutrients which have constructive effects on human health (Savage 2001; 

USDA). Vitamin E and melatonin, which are present in these nuts enhanced cognitive 
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ability in diabetic rats. Administration of plant derived polyphenols showed reversal of 

behavioral and memory dysfunction in senescent rats (Tuzcu and Baydas, 2006; Joseph et 

al., 2007). 

Therefore the experiments in this chapter were designed to examine the dose-

related effects of long-term supplementation of walnut and almond on memory function. 

This phase was conducted to select the optimal effective dose of both nuts for further 

experiments. 

3.2. EXPERIMENTAL PROTOCOL 

Locally bred Albino Wistar rats were used in the study. Treatment and handling 

procedures were same as described in chapter 2. Shelled walnuts and almonds were 

purchased from the local super market which were then peeled, finely crushed and 

refrigerated in air tight bottle. A suspension of finely crushed almond was prepared in 

deionized water at different concentrations, which was then orally administered to the 

rats. In order to determine the effective dose for the memory enhancement effects of 

walnut and almond, Wistar rats (n = 6/group) were fed with either walnut/almond 

suspension (200, 400 or 800 mg/kg) or water (control group) for 28 days. The doses 

selected for this study were based on the recommended dietary intake of 1 ounce/day 

(~28 g) of nuts for humans, which are equivalent to 400 mg/kg/day (Willis et al., 2009b; 

McKay et al., 2010). The daily administration of walnut/almond suspension was 

continued until the day of behavioral analysis. Thereafter, rats were not subjected to 

memory assessment by EPM, MWM, PAT followed by NOR task. Transfer latency and 

step through latency were monitored in EPM and PAT respectively. In the MWM and 

NOR tasks memory was assessed in terms of escape latency and recognition index 

respectively as described in chapter 2. The experimental protocol adopted in this study is 

shown in Fig. 3.1.  

3.3. STATISTICAL ANALYSIS 

Data were presented as mean + SEM and statistically analyzed using SPSS 

version 20. Dose related effects of walnut/almond administration were analyzed by 

Tukey’s 
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test post-hoc test following one-way ANOVA. Values of p<0.05 was considered as 

a statistically significant difference. 

3.4. RESULTS 

3.4.1. Dose-related effects of long-term supplementation of walnut on learning and 

memory functions 

Dose related effects of walnut on memory function was assessed by EPM (Fig. 

3.2a), MWM (Fig. 3.2b), NOR (Fig. 3.2c) and PAT (Fig. 3.2d) following 28 days of 

administration. One-way ANOVA showed significant effects of walnut on transfer 

latency [F(3,20)=9.24, p<0.01]. Post hoc test revealed that walnut administration at all 

three doses significantly decreased (p<0.01) transfer latency as compared to untreated 

controls. One-way ANOVA for escape latency [F(3,20)=19.46, p<0.01], recognition 

index [F(3,20)=23.67, p<0.01] and step through latency [F(3,20)=9.48, p<0.01] also 

showed significant effects of long term administration of walnut. Whereas, post hoc 

analysis by Tukey’s test showed that walnut administration at the dose of 200 mg/kg 

significantly increased memory function as evident by significant decrease (p<0.05) in 

escape latency and significant increase (p<0.05) in recognition index and step through 

latency. These nootropic effects were more enhanced at the doses of 400 and 800 mg/kg 

which showed p<0.01 level of significance for escape latency, recognition index and step 

through latency as compared to control rats. 

3.4.2. Dose-related effects of long-term supplementation of almond on learning and 

memory functions 

Effects of almond doses on memory function were assessed by EPM (Fig. 3.3a), 

MWM (Fig. 3.3b), NOR (Fig. 3.3c) and PAT (Fig. 3.3d) following 28 days of 

administration. One-way ANOVA showed significant effects of almond on transfer 

latency [F(3,20)=24.57, p<0.01], escape latency [F(3,20)=28.90, p<0.01], recognition 

index [F(3,20)=13.46, p<0.01] as well as on step through latency [F(3,20)=12.69, 

p<0.01]. Post hoc analysis by Tukey’s test showed that almond administration at the 

doses of 400 and 800 mg/kg significantly decreased (p<0.01) transfer and escape 

latencies as well as significantly increased recognition index (p<0.01) and step  
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through latency (p<0.01). At a dose of 200 mg/kg almond significantly decreased 

(p<0.01) transfer latency and significantly increased (p<0.01) recognition index and step 

through latency (p<0.05) but did not affect escape latency in MWM. 

3.5. DISCUSSION 

Epidemiological studies of the Mediterranean diet revealed considerable decrease 

in the risk of Alzheimer’s disease (Mosconi et al., 2014). Nuts are traditionally consumed 

in high amount in the Mediterranean diet (Willett et al., 1995). Previous studies in animal 

and human trials suggest potential positive effects of nuts on memory function (Kulkarni 

et al., 2010; Pribis et al., 2011). In present study memory was assessed after 24 h of a 

training session. The findings of this present study are consistent with the earlier studies 

(Kulkarni et al., 2010; Pribis et al., 2011) that long-term walnut and almond 

administration significantly improved memory retention as evident by decreased transfer 

latency and escape latency in EPM and MWM, respectively. These results were further 

supported by increased recognition index and step through latency in walnut and almond 

treated rats. These effects were found in a dose dependent manner. These results 

demonstrate that supplementation of almond significantly increased the memory function 

in rats and that feeding 400 and 800 mg/kg almond had the optimal nootropic effects. 

Therefore, 400 mg/kg almond administration regimen was selected as a moderate dose 

for the rest of experiments in this study. 

Previously observed improved memory retention following nuts consumption has 

been attributed to their high unsaturated fatty acid content (Willis et al., 2009a; Willis et 

al., 2009c). Walnuts contain considerable amount of ALA and LA (Poulose et al., 2014). 

In vivo ALA is converted into EPA then DHA which is then incorporated in the brain 

(Innis, 1992). Dietary interventions of EPA and DHA have shown constructive effects on 

brain function and cognitive performance (Song and Horrobin, 2004; Calder, 2006). ALA 

and LA are essential nutrients and must be obtained from the diet. These fatty acids are 

reported to have important role in the formation, fluidity and stability of neuronal 

membrane. Abnormalities in membrane PUFA composition may lead to abnormal 

membrane structure and altered signal transduction (Haag, 2003; Dyall and Michael-
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Titus, 2008). It has been found, in a prospective study performed on non-demented older 

population, that intake of high dietary MUFAs and PUFAs resulted in better cognitive 

performance (Solfrizzi et al., 2006). Almond also contains high composition of MUFA 

and LA (Sathe 1993). MUFAs and PUFAs have shown to modulate serotonergic system 

(Hibbeln and Salem, 1995; Song and Horrobin). The enhanced memory performance 

observed in this study may be attributed to the lipid composition of walnut and almond. 

CREB is a transcriptional factor that plays essential role in neuronal survival in 

hippocampus and striatum (Poulose et al., 2013). Phosphorylation of CREB, which 

converts it into activated form, is carried out by cAMP cascade. Poulose et al. (2013) 

showed that 6% walnut supplementation activated the phosphorylation of CREB in aged 

rats. Another possible factor that may be involved in improved memory performance 

following the consumption of nuts was proposed by S´anchez-Villegas et al. (2011) in a 

study in which individuals who were supplemented with the Mediterranean diet rich in 

nuts for 3 years exhibited improved plasma concentration of brain derived natriuretic 

factor (BDNF). The neurotrophin BDNF is highly expressed in hippocampus and cortex 

and promotes the induction of LTP, synaptic plasticity, neuronal survival and 

differentiation, axonal elongation, and neurotransmitter release (Bekinschtein et al., 

2008). 

3.6. CONCLUSION 

Taken together, the above mentioned findings suggest the possible mechanisms 

for improved memory function following walnut and almond supplementation. In the 

next phases of this thesis, attempts are made to explore other possible mechanisms 

involved in the enhancement of memory following the consumption of nuts. 9% walnut 

(~600 mg/kg/day) rich diet previously has shown impaired performance in psychomotor 

behavioral tests including wire suspension, rod walking, accelerating rotarod, plank 

walking, and inclined screen (Willis et al., 2009a). Keeping this in mind it was decided to 

select the moderate dose for further studies. Moreover, same dose was selected for both 

nuts with the intention to compare the effectiveness at the end of this study. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Hibbeln%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=7598049
http://www.ncbi.nlm.nih.gov/pubmed/?term=Salem%20N%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=7598049


  Walnut effects on memory and 5-HT 

59 

 

CHAPTER 4 

Effects of long-term walnut supplementation on learning and 

memory functions and serotonergic modulation 

4.1. INTRODUCTION 

Memory is the process by which a learning experience is maintained over time. A 

single memory can be recalled several times by presenting a proper stimulus (Thompson 

and Kim, 1996). Research shows that the central nervous system is affected by various 

foods, including fruits, vegetables and nuts (Yehuda et al., 2005; Vanmierlo et al., 2011). 

Nuts are highly nutritious and are a complex food composed of a number of nutrients and 

phytochemicals (Chen and Blumberg, 2008). Most of the nuts have a good protein 

content (in the 10-30% range) (Davidson, 1999). According to the USDA, walnuts have a 

high protein content (26.1 g/100 g of raw walnut) and the tryptophan content of this nut is 

about 24 mg/g of protein (Brufau et al., 2006). Walnut is also enriched with omega-3 

fatty acid, which is an essential nutrient, approximately 100 g of walnut contain 9 g of 

omega-3 fatty acid (Willis et al., 2009a). Both tryptophan (Haider et al., 2006) and 

omega-3 fatty acids (de Wilde et al., 2003; Solfrizzi et al., 2006) are reported to be 

involved in memory improvement process. Tryptophan is an essential amino acid which 

is obtained from dietary sources. Increased brain tryptophan availability has been shown 

to increase brain 5HT synthesis (Young and Gauthier, 1981; Fernstrom 1985). It has been 

well documented that 5-HT has an important role in memory function (McEntee and 

Crook, 1991; Yasuno, 2004). Decreased 5-HT is involved in impaired memory function, 

as found previously, the continued use of methamphetamine, which selectively destroys 

central 5-HT axons and axon terminals, results in an impairment of memory (Schröder et 

al., 2003). Some studies also revealed that tryptophan depletion can impair memory (Park 

et al., 1994; Riedel et al., 1999). Collectively these data indicated that pharmacological 

manipulation of 5-HT receptors or reuptake sites might modulate memory consolidation 

(Meneses, 1999).  

Traditional use of walnuts as a nootropic substance is well established. Walnuts 
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are a rich source of a number of significant nutrients that seem to have constructive 

effects on human health (Savage, 2001). Hence, in this study an attempt was made to 

investigate the effects of walnuts on memory function. The study was further aimed to 

determine the neurochemical pathways involved in the improvement of memory by 

walnut administration, which is a rich source of serotonin precursor tryptophan, an 

essential amino acid taken through diet. The role of 5-HT is well established in learning 

and memory (McEntee and Crook, 1991). This research work was performed using male 

rats as the use of animals has enabled an exploration of the cellular mechanisms behind 

nutrition-related cognitive improvement (Willis et al., 2009a). 

4.2. EXPERIMENTAL PROTOCOL 

Twelve locally bred Albino Wistar rats (n = 6/group) were used in the study. 

Treatment and handling procedures were same as described in chapter 2. Experimental 

protocol (Fig. 4.1) was same as described in chapter 3 except that in this chapter single 

dose of 400 mg/kg walnut (selected from the previous chapter) was orally administered to 

the test group for 28 days. Weekly growth rate and food intake were also monitored until 

the day of behavioral analysis. After 28 days of administration animals were subjected to 

memory assessment by EPM (% time spent in the open arm) and RAM according to the 

procedure as described in chapter 2. Rats were decapitated after behavioral analysis to 

collect the brain samples. All samples were stored at -70oC for the analysis of brain 

tryptophan, 5-HT and 5-HIAA concentration by HPLC-EC method 

4.3. STATISTICAL ANALYSIS  

The behavioral and neurochemical data were analyzed by Student’s t-test. p 

values <0.05 were considered significant. 

4.4. RESULTS 

4.4.1. Food intake and body weight 

Tables 4.1 and 4.2 show the effects of walnut administration on weekly change in 

body weight (in terms of percentage) and food intake of rats respectively during the four 

weeks. The food intake of walnut treated rats was significantly lower as compared to  
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controls. No significant differences were found on weekly growth rate of walnut treated 

rats. 

4.4.2. Memory assessment by EPM 

Fig. 4.2 shows the effect of long term intake of walnut on memory by EPM in 

male rats. Data analyzed by Student’s t-test revealed a significant (p<0.01) improvement 

in learning process in the first day between control and test groups. A significant 

enhancement in retention of learned task (consolidation of memory) was observed on 2nd 

day (p<0.05) and on 3rd day (p<0.01) following walnut administration in rats. 

4.4.3. Memory assessment by RAM 

Fig. 4.3 shows the effect of long term intake of walnut on memory by RAM in 

male rats. Data analyzed by Student’s t-test revealed a significant increase (p<0.01) in 

memory function following walnut administration in rats as evident by significant 

decrease in time latency to entered the baited arm as compared to controls 

4.4.4. Neurochemical estimations 

Fig. 4.4(a-c) show the effects of long term intake of walnut on brain tryptophan, 

5-HT and 5-HIAA levels in male rats. Data analyzed by Student’s t-test revealed a 

significant increase in brain TRP (p<0.01), brain 5-HT (p<0.01) and brain 5-HIAA 

(p<0.05) levels following walnut administration in rats as compared to untreated controls. 

4.5. DISCUSSION 

The main goal of this study was to examine the effects of long term 

administration of walnut on memory function. Results of the EPM and RAM showed that 

walnut treated rats exhibited enhanced memory function, as there was a gradual and 

significant decrease in time spent in open arm of EPM on repeated exposures and in case 

of RAM, there was a significant decrease in time elapsed before the rat entered the baited 

arm. The present findings are in agreement with the previous studies as it has been 

previously hypothesized and reported that consumption of walnut increases memory 
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Table 4.1. Effects of walnut administration on weekly change in body weight of 

rats in terms of percentage 

 

Values are mean± SD (n = 6) non significant difference by Student’s t-test with respect 

to controls. % change is the difference between control and test groups. 

Table 4.2. Effects of walnut administration on weekly food intake (g) 

 

 CONTROL TEST % CHANGE 

Pretreatment 102.24+12.57 98.51+3.56 3.73% 

1st week 110.98+13.85 101.67+1.96 9.31% 

2nd week 113.57+14.97 104.36+2.55 9.21% 

3rd week 116.3+14.84 108.01+2.83 8.31% 

4th week 119.01+15.3 110.07+4.53 8.94% 

 

Values are mean ± SD (n = 6) significant differences by Student’s t-test *p<0.05 and 

**p<0.01 with respect to controls. % decrease is the difference between control and test 

group during the week in terms of percentage. 

 CONTROL TEST % CHANGE 

Pretreatment 90.45+7.75 85.01+8.5 6.01% 

1st week 75.53+6.48 61.87+6.84** 14.82% 

2nd week 81.72+6.21 64.78+7.07** 20.72% 

3rd week 97.52+10.75 67.84+9.01** 30.43% 

4th week 85.83+8.63 48.3+9.08** 43.72% 
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Fig. 4.2. Effects of oral intake of walnut for four weeks on memory retention in rats 

assessed by elevated plus maze. Walnut was administered at the dose of 400 mg/kg 

daily. Values are mean ± SD (n=6) significant differences by Student’s t-test 

*p<0.05 and **p<0.01 with respect to controls. 

Fig. 4.3. Effects of oral intake of walnut for four weeks on memory retention in rats 

assessed by radial arm maze.Walnut was administered at the dose of 400 mg/kg 

daily. Values are mean ± SD (n = 6) significant differences by Student’s t-test 

**p<0.01 with respect to controls. 
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 Fig. 4.4. Effects of oral intake of walnut for four weeks on brain tryptophan (a), 5-HT 

(b) and 5-HIAA (c) levels, measured by HPLC-EC method. Values are mean ± SD (n 

= 6) significant differences by Student’s t-test *p<0.05, **p<0.01 with respect to 

controls. 
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and influences the cognitive abilities (Willis et al., 2009a). The data shown here 

demonstrates that long term administration of walnut significantly increased the whole 

brain serotonin metabolism as brain tryptophan, 5-HT and 5-HIAA concentrations were 

significantly increased following long term intake of walnut. The improved memory 

function exhibited by walnut treated rats in EPM and RAM may be attributed to the 

increased 5-HT metabolism. Walnut is rich in tryptophan (2-3%), which is the precursor 

of 5-HT. The tryptophan content of walnut may be involved in this enhancement of 

memory by increasing the brain serotonergic content in rats following oral intake of 

walnuts. It has been previously observed that long-term tryptophan supplementation 

increases 5-HT metabolism and improves cognitive performance in rats (Haider et al., 

2006; Haider et al., 2007). Beside the protein content, most of the nuts also contain a 

great amount of fat (e.g., Brazil nut 65%, pecan 70%, macademia nut 66%, almonds 

55%, walnut 60%, and peanut butter 55%) (Davidson, 1999). The dietary fat content 

provides essential fatty acids to the nervous system as most of the fatty acids that are 

present in neuronal membranes are essential fatty acids (Connor et al., 1992). PUFAs, 

omega-6 (linoleic acid; LA) and omega-3 (alpha linolenic acid; ALA) are found to be 

involved in memory enhancement (de Wilde et al., 2003). It has been shown that 

consuming mono-unsaturated and poly-unsaturated fatty acids attenuated cognitive 

decline in animals (de Wilde et al., 2003) and in humans (Solfrizzi et al., 2006). 

According to USDA, 100g walnut contains approximately 38 g of LA and 9 g of ALA 

(Willis et al., 2009a). ALA is metabolized to either EPA or docosapentaenoic acid. EPA 

has been found to improve the memory by increasing the serotonergic function (Song and 

Horrobin, 2004). Thus, the increased brain 5-HT levels and enhanced memory function 

following long-term walnut supplementation may also be due to the omega-3 fatty acid 

constituent of walnut.  

  Walnuts are food rich in fat and in general are avoided by people having a 

tendency of weight gain, but evidence shows that nuts do not cause weight gain (García-

Lorda et al., 2003). Findings of the present study revealed that after long term walnut 

administration the body weight remained unchanged while the food intake significantly 

decreased. The significant decrease in food intake indicates that if walnuts were 

administrated for longer period of time then a decreased in body weight might have been 
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observed. The decrease in food intake may be attributed to increase in serotonin 

metabolism as 5-HT has been documented to play an essential role in the inhibitory 

influence on feeding behavior and body weight (Lee et al., 2004). Although walnuts are 

rich in calories and fatty acids in which majority are essential fatty acids, it has been 

shown that essential fatty acids do not cause an increase in body weight (Couet et al., 

1997). It is possible that small amounts of walnut intake may quickly satisfy the appetite 

and may decrease the food intake. In this regard further research is needed before regular 

intake of walnuts may be recommended to the subjects interested in retaining or losing 

weight along with the control of total energy intake. 

4.6. CONCLUSIONS 

The present findings demonstrate that the long term intake of walnut may be 

highly beneficial as it enhances memory function and decreases food intake. As walnuts 

are rich source of tryptophan, an essential amino acid, the findings suggest that increase 

in brain 5-HT function may be involved in the memory enhancing and appetite 

decreasing effects. The decrease in food intake following walnut administration in the 

present study suggests that the use of walnuts may have implication in the treatment of 

overweight and obesity in humans. Walnuts possess a significant nootropic action; the 

present findings therefore suggest that long term walnut intake may have significant 

facilitatory effects on learning and memory functions. The improved memory 

performance in healthy adult rats indicates that the use of walnut may also have 

beneficial effects in learning and memory deficits. Based on this hypothesis, experiments 

mentioned in later chapter of this thesis are designed to investigate the memory 

enhancing effects of walnut supplementation in animal model of amnesia 
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CHAPTER 5 

Effects of long-term supplementation of almond on learning and 

memory functions and serotonergic modulation 

5.1. INTRODUCTION 

Memory loss (Petersen et al., 2009) and obesity (James, 2008) are two of the 

prevalent diseases throughout the world. With the passage of time there is increased trend 

to maintain general health through diet. Various foods including tree nuts have shown to 

affect central nervous system (Yehuda et al., 2005), enhance learning, memory and 

intelligence (Spencer, 2008). Memory formation is the complex process and involves 

various neurotransmitters and neuronal pathways (Izquierdo and Medina, 1997). It is well 

established that 5-HTergic system has an important role in memory function (Schmitt et 

al., 2006). Tryptophan, the precursor of 5HT and an essential amino acid, has also been 

shown to increase learning and memory (Haider et al., 2006; Haider et al., 2007). Source 

of tryptophan is dietary only and enhanced brain tryptophan availability has been 

revealed to increase brain serotonin synthesis (Silber and Schmitt, 2010)  

Obesity and being overweight are associated with decrease quality of life, greater 

morbidity (Wyatt et al., 2006) and mortality (Adams et al., 2006). Elevated cholesterol as 

a result of obesity is one of the risk factor for cardiovascular diseases (Maher et al., 

1995). Nuts are high-fat, energy rich foods (Davidson, 1999), so it is logical that frequent 

consumption of nuts may lead to increased cholesterol and weight gain and, 

consequently, increase the risk of cardiovascular disease and many chronic diseases. But 

prior studies did not show any adverse effect of nut consumption on energy balance or 

body weight (Rajaram and Sabate, 2006). In fact, a growing body of evidence shows that 

eating nuts on the daily basis may be associated with reduced weight gain and decreased 

cholesterol levels in various human populations (García-Lorda et al., 2003; Kris-Etherton 

et al., 2008; Sabaté and Ang, 2009).  
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Nuts are energy-dense and nutrients loaded foods. Walnuts and almonds both 

have been used as a nootropic substance from time immemorial. These nuts contain a 

wide variety of bioactive compounds that seem to have constructive effects on human 

health (Esfahlan et al., 2010). According to USDA, almonds have a high protein content 

(21.22 g/100 g of raw almond) and the tryptophan content of this nut is about 211 mg/100 

g of almond. These nuts provide 5.79 kcal/g of energy and are low in saturated fat (< 8% 

of total fats) but rich in unsaturated fats (~92% of total fats), mainly of which are 

monounsaturated (~66.15%). Almonds are one of the most important source of plant 

protein, and good source of dietary fiber, minerals, antioxidants, vitamins and numerous 

bioactive substances, such as phytosterols and flavonoids. So it was hypothesized that 

these nutrients may possess health benefits by producing synergistic effects and/or 

interactions with each other. Hence this study was intended to investigate the 

neurochemical pathways involved in the enhancement of memory by these nutritious 

nuts. The study was further aimed to examine food intake, body weight and plasma 

cholesterol levels following long term administration of almonds in rats. 

5.2. EXPERIMENTAL PROTOCOL 

Twelve locally bred Albino Wistar rats (n = 6/group) were used in the study. 

Treatment and handling procedures were same as described in chapter 2. Experimental 

protocol (Fig. 5.1) was same as described in chapter 4 except that in this chapter single 

dose of 400 mg/kg almond (selected from chapter 3) was orally administered to the test 

group for 28 days. Weekly growth rate and food intake were also monitored until the day 

of behavioral analysis. After 28 days of administration animals were subjected to 

memory assessment by EPM (% time spent in the open arm) and RAM according to the 

procedure as described in chapter 2. Rats were decapitated after behavioral analysis to 

collect the brain and plasma samples. All samples were stored at -70oC for the analysis of 

brain tryptophan, 5-HT and 5-HIAA concentration by HPLC-EC method. Plasma 

cholesterol was also measured in this experiment. 
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5.3. STATISTICAL ANALYSIS  

The behavioral and neurochemical data were analyzed by Student’s t-test. p 

values <0.05 were considered significant. 

5.4. RESULTS 

5.4.1. Food intake and body weight 

Weekly growth rate and food intake of rats following the administration of 

almond for 4 weeks are shown in Fig. 5.2a and 5.2b respectively. Test groups exhibited 

no differences in growth rate during the course of the study. However, there were 

differences in food intake, with the test group eating significantly less than the control 

group.  

5.4.2. Plasma cholesterol estimation 

Plasma cholesterol levels for both groups were also estimated after decapitation 

and shown in Fig. 5.2c. Student’s t-test revealed significant reduction (p<0.05) in plasma 

cholesterol in test group by ~ 15% when compared with the control group. 

5.4.3. Memory assessment by EPM 

The memory function for control and test groups following long term intake of 

almond measured by EPM (Fig. 5.3) as time spent in open arm in terms of percentage. 

Data analyzed by Student’s t-test did not reveal significant difference on the first day, 

however, there was significant decrease in % time spent in open arm on subsequent 

exposure on 2nd day (p<0.01) and 3rd day (p<0.01) following almond administration in 

rats. This observed fact taken as successful memory retention, since repeated testing on 

the EPM provides an index of acquisition and retention as the rat learned where it could 

be safe on the maze.  
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Fig. 5.2. Effects of oral intake of almond for 28 days on weekly change in body weight in terms of 

percentage (a), food intake (b) and plasma cholesterol levels (c). Values are mean ± SD (n = 6) 

significant differences by Student’s t-test *p<0.05 and **p<0.01 with respect to controls. 
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5.4.4. Memory assessment by RAM 

Spatial working memory was also observed during RAM testing following 

almond administration for 4 weeks (Fig. 5.4). When data was analyzed by Student’s t-

test, a significant increase (p<0.01) in memory function was observed as the time elapsed 

before the rat entered into baited arm was revealed significantly lower in test group than 

the control group. 

5.4.5. Brain tryptophan and neurochemical estimations 

Total brain tryptophan, 5-HT, 5-HIAA levels and 5-HT turn over (5-HIAA/5-HT 

ratio) were measured following 4 weeks administration of almond (Fig. 5.5). The levels 

of tryptophan (p<0.01) and 5-HT turn over (p<0.05) both were increased significantly in 

the whole brain after long term intake of almond. Whereas, 5-HT and 5-HIAA levels in 

almond treated rats were comparable with the control group.  

5.5. DISCUSSION 

The finding of primary interest in the present experiment is that the long term 

administration of almond produces enhancing effect on memory function. This improved 

memory retention was evident from the gradual and significant decrease in time spent in 

open arm on subsequent exposures to EPM. Results of RAM also emphasized the same 

assumption as there was significant decrease in time elapsed before the rat entered the 

baited arm. Long term intake of almond also showed significantly increased whole brain 

serotonin metabolism. This can be explainable in terms of increased brain tryptophan 

concentration and 5-HT turnover in almond treated rats.  

Memory performance in rats was evaluated by EPM and RAM. Both paradigms 

are widely used for the screening of nootropic substances (Neese et al., 2004; Khaliq et 

al., 2006; Haleem and Haider, 1996; Braida et al., 2000; Kumar and Dogra, 2009). The 

present study showed that almond has an augmenting effect on memory retention in rats. 

The results are in agreement with the previously reported  
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Fig. 5.3. Effects of oral intake of almond for 28 days on memory retention in rats assessed by 

elevated plus maze. Almond was administered at the dose of 400 mg/kg daily. Values are mean 

± SD (n = 6) significant differences by Student’s t-test **p<0.01 with respect to controls. 

Fig. 5.4. Effects of oral intake of almond for 28 days on memory retention in rats assessed by 

radial arm maze. Almond was administered at the dose of 400 mg/kg daily. Values are mean ± 

SD (n = 6) significant differences by Student’s t-test **p<0.01 with respect to controls. 
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studies. It has been demonstrated that administration of almond improved scopolamine 

induced amnesia in rats (Kulkarni et al., 2010). Central serotonin is considered as one of 

the neurotransmitter involved in regulation of cognitive functions. A decrease in the 

serotonin is believed to be involved in the occurrence of amnesia in impaired cognitive 

diseases (Meltzer et al., 1998; Buhot et al., 2000). On the other hand it has been reported 

that increased brain 5-HT improves cognitive performance (Haider et al., 2006; Olivier et 

al., 2009). In the present work almond administration for 4 weeks increased brain 5-HT 

turnover. This increased turnover was associated with an increase in the level of its 

precursor, tryptophan. The 5-HT biosynthetic enzyme, tryptophan hydroxylase exists in 

unsaturated state with its substrate. Therefore, the rate of 5-HT synthesis depends upon 

the brain concentration of its precursor. Increased 5-HT turnover are often taken as a 

measure of increased 5-HIAA levels and ultimately increased 5-HT release. An increased 

brain 5-HT turnover exhibited by almond-treated rats indicates an increased release of 5-

HT in these rats and hence greater availability of 5-HT towards its respective receptors. 

Almond is rich in tryptophan, which is an essential amino acid, because it cannot be 

synthesized in vivo and must be obtained from diet. It has been observed that increased 

dietary supplementation of tryptophan increases 5-HT metabolism and enhances memory 

performance (Silber and Schmitt, 2010). Therefore, in the current study long term 

administration of almond increased brain 5-HT metabolism by elevating tryptophan 

concentration and 5-HT turnover in the brain and ultimately improved memory in rats.  

The plausible active constituents of almond are PUFAs and choline that could be 

involved in memory enhancement in the present study. Dietary PUFAs are the main 

essential fatty acids that serve as precursor for fatty acids component of neuronal 

membrane. These fatty acids are important for the structural integrity of cell membranes 

and for neurotransmission, signaling and modulation of enzymatic activity (Youdim et 

al., 2000). The PUFAs have shown to be involved in serotonin neurotransmission (du 

Bois et al., 2006) and in increased memory function (Willis et al., 2009c). In addition to 

serotonin, acetylcholine is also considered as an important neurotransmitter involved in 

the regulation of cognitive function (Everitt and Robbins, 1997). Studies have revealed 

that consumption of essential fatty acids can effectively modulate cholinergic system 

(Willis et al., 2009b). Acetylcholine is synthesized from substrates choline and acetyl 
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CoA by the enzymatic action of choline acetyltransferase. Studies have indicated that 

increased dietary choline supplementation increases the synthesis of acetylcholine and 

facilitates memory function. Cohen and Wurtman (1976) showed that dietary intake of 

choline at increasing doses elevated serum choline, brain choline and brain acetylcholine 

concentrations in rats. A study examined the effect of dietary choline intake on memory 

in non-demented individuals and it was found that individuals with higher choline intake 

performed better on the memory tests (Poly et al., 2011). Although, the choline and 

acetylcholine concentrations were not estimated in the present study but from these 

evidences it can be suggested that in addition to tryptophan, important biological 

constituents of almond such as PUFAs and choline may also be involved in memory 

improving effects of almond following its long term administration in rats.  

Since almonds are high in fats (55%) (Davidson, 1999) and energy dense food 

therefore consumers regard them as fattening foods. In the present study body weight and 

food intake were also measured during the course of the treatment and at the end plasma 

cholesterol levels were estimated in both control and test groups. After long term almond 

administration the body weight remained unaffected while the food intake and plasma 

cholesterol levels were significantly decreased. The suppression in food intake in test 

animals may be attributed to observe increased serotonin metabolism. Several lines of 

evidence demonstrate that serotonergic system is recruited to reduce meal size (Lee et al., 

2004; Hayes and Covasa, 2005). Serotonin modulating drugs such as 5-HT reuptake 

inhibitor/5-HT releaser fenfluramine has been used for the management of obesity 

(Miller, 2005). It is possible that regular intake of almonds may satisfy the appetite 

quickly and may decrease the food intake and ultimately decrease the plasma cholesterol 

level by limiting the intake of other energy-dense food (Kirkmeyer and Mattes, 2000). 

Hence, despite the fact that almond is rich in fats but this fatty food was not shown to 

exert adverse effects on body weight and plasma lipid profile (Kris-Etherton et al., 2008; 

Sabaté and Ang, 2009) as observed in the present study.  

High level of cholesterol is one of the prominent risk factor for cardiovascular 

disease (CVD). Several lines of evidence indicate that the type of fat is more important in 

decreasing CVD risk than the total amount of fat in the diet (Hu et al., 2001; Kris-
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Etherton et al., 1999). According to the food composition database published by the 

USDA, 100 g of almonds contain ~50 g of fats, majority of which are unsaturated fats 

(Ros and Matarix, 2006). Unsaturated fatty acids have consistently shown to reduce total, 

LDL cholesterol (Wahrburg, 2004). Animal studies have repeatedly performed to 

determine the mechanisms behind these effects and it is revealed that dietary unsaturated 

fatty acids enhance hepatic receptor-dependent clearance of LDL and concomitantly 

reduce LDL cholesterol production (Woollett et al., 1992). Almonds provide a dietary 

source of unsaturated fatty acids which may help to reduce total cholesterol as found in 

the current study and may be helpful in the management of CVD. 

5.6. CONCLUSION 

In conclusion, the nootropic effects of almond were tested in male rats. The 

results revealed that long term almond intake enhances activity and performance in 

spatial memory test. Present results also indicate that almond intake increases serotonin 

metabolism which might be involved in memory enhancing and appetite decreasing 

effects. So these findings demonstrate that long term intake of almond may have 

beneficial effects on learning and memory processes and therefore emphasize on the use 

of almond as a supplement in learning and memory deficits. Therefore, experiments 

mentioned in later chapter of this thesis are designed to investigate the memory 

enhancing effects of almond supplementation in animal model of amnesia. Almond 

administration also decreases food intake and total cholesterol levels. This cholesterol 

lowering effect may be attributed to the presence of unsaturated fatty acid content of 

these nuts. Therefore current findings also suggest that almond supplementation may be 

beneficial not only in improving memory function but also in reducing obesity and CVD 

risk factors. 
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CHAPTER 6 

Effects of long-term walnut supplementation in scopolamine induced 

animal model of amnesia 

6.1. INTRODUCTION 

The free radicals which are produced as a consequence of aerobic respiration can 

cause cumulative oxygen damage which may lead to aging process. Oxygen is an 

indispensable molecule for all aerobic cells for chemical production of energy; however, 

it is often converted into highly reactive forms commonly known as reactive oxygen 

species which may produce harm to vital cell components (Arrigo, 1983; Hadad, 1989). 

Enzymatic and non-enzymatic antioxidant defense mechanisms neutralize the toxicity of 

metabolic oxidants. When such an imbalance occurs between the production and 

neutralization of oxidants that favors their accumulation this may then lead to oxidative 

stress. The oxidative stress can be promoted by deficiency of antioxidant enzymes, drug 

metabolism or exposure to ionizing radiations as well as due to over-expression of 

oxidant producing enzymes (Schulz et al., 2008; Azzam et al., 2012; Deavall et al., 2012; 

Haddadi et al., 2014). The oxidative stress in cells results in severe metabolic dysfunctions 

such as loss of cell integrity, enzyme dysfunction, and genomic instability, which 

ultimately lead to progression of many diseases including ischemia, cancer, 

atherosclerosis, inflammation, Parkinson’s disease and Alzheimer’s disease (Schulz et al., 

2008; Azzam et al., 2012; Deavall et al., 2012; Haddadi et al., 2014). Alzheimer’s disease 

is the most common known type of dementia observed in older age due to the 

degeneration of cholinergic neurons (Cummings and Kaufer, 1996). Oxidative stress 

(Montine et al., 2002; Steele et al., 2007; Bonda et al., 2010) and inflammation 

(Rozemuller et al., 2005; Schwab and McGeer, 2008) are considered to be important 

mediators for the neuronal damage in age-related dementia. Such type of 

neurodegeneration in turn causes more oxidative damage which may further exacerbate 

the pathological condition. Therefore there is a great interest in search of drugs that can 

increase the levels of acetylcholine in brain to compensate the losses of cholinergic 
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neuron, such as acetylcholine precursors, inhibitors of acetylcholinesterase or muscarinic 

agonists (Giacobini, 2000; Livingston and Katona, 2000). Moreover, researchers and 

food manufacturers have now become more interested in polyphenols because of their 

potential role in the prevention of various diseases associated with oxidative stress and 

their abundance in natural food sources (Scalbert et al., 2005).  

Walnuts being the most popular nuts from the time immemorial provide a wide 

range of nutritive and non-nutritive bioactive compounds. These nuts are being 

extensively examined in various clinical and pre-clinical studies in last few years. The 

antidiarrheic, keratolytic, anti-microbial, antifungal, antihelmintic (Oliveira et al., 2008; 

Pereira et al., 2007, 2008), hypoglycemic and hypotensive activities of walnuts have been 

reported earlier (Fukuda et al., 2003; Pereira et al., 2007). Several lines of investigation 

have demonstrated the reduce risk of heart disease (Fraser et al., 1992; Hu et al., 1998; 

Feldman, 2002; Banel and Hu., 2009) and developing type 2 diabetes (Jiang et al., 2002) 

following the consumption of walnuts in diet. Decrease in total and LDL cholesterol has 

also been reported previously following walnut consumption (Chisholm et al., 1998; 

Rajaram et al., 2009; Zambon et al., 2000). Whereas a polyphenolic-rich extract of 

walnuts has been shown to protect LDL from oxidative damage (Anderson et al., 2001). 

Animal studies showed that a diet rich in walnuts slowed the growth of cancer (Hardman 

and Ion, 2008) and oral administration of a polyphenolic- rich fraction of walnuts 

prevented liver damage in mice (Shimoda et al., 2008). It has been suggested that diet 

rich in walnuts may also help to reduce the progression of age-related diseases. 

Previously animal and human trials suggest potential positive effects of nuts on memory 

function particularly in older subjects (Pribis and Shukitt-Hale, 2014). These nuts are 

considered as nutrient-rich food because of their high poly-unsaturated fat and protein 

content. These nuts also contain many minerals including manganese, zinc, selenium as 

well as vitamins such as thiamine, folate, vitamins B6, B12 and choline (Morley, 2010). 

Besides this valuable composition, walnuts are also reported to contain antioxidative 

phenolic compounds (Chrzanowski et al., 2011). Walnut kernels along with the pellicle 

have shown the highest phenolic levels among the 25 types of commonly consumed 

foods tested by Gunduc and El in 2003. Recently Slatnar et al., (2015) reported twenty-

seven phenolic compounds in kernel of walnut majority of which are hydrolysable 
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tannins (approximately 60%). Walnut phenolics repeatedly display strong antioxidant and 

free radical-scavenging activities (Fukuda et al., 2003; Colaric et al., 2005). Scientists 

have suggested the role of dietary nutrients in the prevention of various diseases 

associated with oxidative stress such as cardiovascular disease, cancer and 

neurodegenerative disorders (Everitt et al., 2006). Previously in vitro studies have 

demonstrated that phenolic extract of walnut can inhibit fibrillization of amyloid-β (Aβ), 

solubilize pre-existing Aβ fibrils (Chauhan et al., 2004) and give protection against Aβ 

induced oxidative stress and apopotosis (Muthaiyah et al., 2011).  

Decreased muscarinic cholinergic receptor density has been associated with the 

normal aging. Some postmortem studies of Alzheimer’s disease showed selective 

reductions in the M2 subtype of muscarinic receptors (Aubert et al., 1992; Francis et al., 

1999). Cholinergic hypothesis of learning states that pharmacological interruption of 

cholinergic system may induce similar memory deficit in young subjects as observed in 

elderly (Francis et al., 1999). Based on this hypothesis use of scopolamine provides the 

model of memory impairment which has been used in various studies (Fan et al., 2005; 

Tanabe et al., 2004; Hancianu et al., 2013). It has been suggested that age related 

neurodegeneration due to oxidative stress may involve disruption of cholinergic 

muscarinic receptors by impairing the cellular 2nd messenger cascade (Mattson and 

Pedersen, 1998). Antioxidant enzyme activities are reported to be decreased following 

scopolamine injection in rats (Budzynska et al., 2015). Moreover, scopolamine produces 

similar memory impairments as observed in the older age (Ebert and Kirch, 1998). 

Putting all these together, the present study was designed to investigate the protective 

effects of walnut administration in scopolamine induced amnesia. Specific involvement 

of cholinergic function in terms of acetylcholine and acetylcholinesterase activity was 

also intended to be examined in the current study. Considering the antioxidative potential 

of walnut, this study was further extended to explore the possible antioxidative 

mechanism following walnut administration against scopolamine induced oxidative 

stress. 
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6.2. EXPERIMENTAL PROTOCOL 

Effective dose of walnut suspension (selected from chapter 3) was tested against 

scopolamine induced amnesia and oxidative stress according to the protocol as shown in 

Fig. 6.1a and 6.1b respectively. Thirty-two rats were randomly divided into two control 

and test groups. Test group was given walnut suspension (400 mg/kg) whereas controls 

were treated with vehicle (water). Twenty-eight days later both groups were divided into 

saline and scopolamine injected rats (n = 8/group). Scopolamine was injected 

intraperitoneally 5 min before the start of each memory test at the dose of 0.5 mg/kg. Rats 

were decapitated immediately after behavioral tests to collect the brain samples. All brain 

samples were immediately stored at −70°C for neurochemical assays. Acetylcholine 

content and acetylcholinesterase activity were determined in hippocampus and frontal 

cortex, whereas, oxidative status was determined in whole brain of rat. 

6.3. STATISTICAL ANALYSIS 

Data were presented as mean + SEM and statistically analyzed using SPSS 

version 20. Results for the training and test sessions obtained from EPM, MWM and PAT 

were analyzed by Bonferroni test following three-way (walnut × scopolamine × sessions) 

ANOVA with repeated measure design. Recognition index, acetylcholine, MDA 

concentrations and enzyme activities were statistically estimated by two-way ANOVA 

with Tukey’s post hoc test to compare the different groups. One-sample t- test was used 

to determine whether the exploration ratios in NOR test under each condition were 

significantly different from chance levels. Furthermore, various correlations were also 

determined by Pearson correlation test. Values of p<0.05 was considered as 

a statistically significant difference.     
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6.4. RESULTS 

6.4.1. Experiment A: Effects of pre-administration of walnut on scopolamine 

induced amnesia and cholinergic dysfunction  

6.4.1.1. Memory assessment by EPM 

Data for EPM (Fig. 6.2) which was analyzed by three-way ANOVA with repeated 

measure design revealed significant effect of walnut administration [F(1,28)=50.60, 

p<0.01], scopolamine [F(1,28)=38.21, p<0.01], sessions [F(2,56)=104.41, p<0.01] and 

significant interactions of walnut × sessions [F(2,56)=3.38, p<0.05]. Other interactions 

were statistically not significant. Post hoc test showed that administration of walnut at the 

dose of 400 mg/kg for 28 days resulted in an increase in learning acquisition (p<0.01) and 

memory retention (p<0.01) in walnut treated rats as compared to controls. Learning 

acquisition (p<0.01) and memory retention (p<0.01) were also significantly increased as 

compared to training session and acquisition session respectively in walnut group. 

Scopolamine group exhibited impaired acquisition (p<0.01) and retention (p<0.05) as 

compared to control rats. Walnut pre-administration significantly prevented the 

scopolamine induced memory impairment as shown by comparable latency in 

walnut+scopolamine (Wal+Sco) group with controls. 

6.4.1.2. Memory assessment by MWM  

Results of MWM (Fig. 6.3) were also analyzed by three-way ANOVA with 

repeated measure design which showed significant effect of walnut administration 

[F(1,28)=41.40, p<0.01], scopolamine [F(1,28)=16.69, p<0.01], sessions 

[F(2,56)=199.44, p<0.01] and a significant interactions of walnut × sessions 

[F(2,56)=3.40, p<0.05] and scopolamine × sessions [F(2,56)=4.33, p<0.05]. Other 

interactions were statistically not significant. Post hoc test by Bonferroni test showed that 

learning acquisition (p<0.01) and memory retention (p<0.01) were significantly increased 

as compared to controls following the administration of walnut at the dose of 400 mg/kg 

for 28 days in walnut group. Learning acquisition (p<0.01) and memory retention 

(p<0.01) were also significantly increased as compared to training session and acquisition 

session respectively in walnut treated rats. Scopolamine group exhibited impaired 

acquisition (p<0.05) and retention (p<0.05) as 
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Fig. 6.2. Effects of walnut pre-administration (400 mg/kg) in scopolamine induced memory 

impairment were assessed by elevated plus maze as transfer latency. Values are means + SEM (n = 8). 

Significant differences by Bonferroni test: *p<0.05, **p<0.01 from respective control animals; 

++p<0.01 from training phase values of similarly treated animals; ##p<0.01 from acquisition phase 

values of similarly treated animals, following three-way ANOVA repeated measure design.  
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Fig. 6.3. Effects of walnut pre-administration (400 mg/kg) in scopolamine induced memory 

impairment were assessed by Morris water maze as escape latency. Values are means + SEM (n = 8). 

Significant differences by Bonferroni test: *p<0.05, **p<0.01 from respective control animals; 

++p<0.01 from training phase values of similarly treated animals; #p<0.05 ##p<0.01 from acquisition 

phase values of similarly treated animals, following three-way ANOVA repeated measure design.  
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compared to control rats. Pre-administration of walnut significantly prevented the 

scopolamine induced memory impairment as shown by comparable latency in Wal+Sco 

group with controls. 

6.4.1.3. Memory assessment by NOR 

Impaired memory induced by scopolamine and its attenuation by pre-

administration of walnut was also observed in NOR task. In Fig. 6.4(a) data was analyzed 

by two-way ANOVA. Statistical analysis demonstrated significant effect of the walnut 

administration [F(1,28)=105.67, p<0.01], scopolamine [F(1,28)=7.86, p<0.01] and a 

significant interactions of walnut × sessions [F(1,28)=19.29, p<0.01]. In NOR task 

sopolamine rats also showed impaired cognitive ability as evident by decreased 

recognition index (p<0.01) as compared to controls following post-hoc analysis by 

Tukey’s test. Walnut administration (400 mg/kg) for 28 days revealed significant increase 

in recognition index (p<0.01) as compared to saline treated control rats indicating 

improved cognitive ability. Impaired cognitive ability induced by scopolamine was 

reversed by the pre-administration of walnut in Wal+Sco group as this group exhibited 

increased cognitive ability as compared to scopolamine treated group (p<0.01).  

Fig. 6.4(b) represents the chance performance under each treatment which was 

analyzed by one-sample t test. Chance performance (50%; i.e. equal % time spent with 

new and old object) is the level at which rat is unable to discriminate between familiar 

and new object. Saline treated controls did not perform better than the chance level [t(7)= 

0.21, p>0.05], whereas walnut group significantly performed better than the chance 

performance [t(7)=4.58, p<0.01]. Scopolamine treated rats exhibited impaired memory 

score than chance performance [t(7)= 7.09, p<0.01] which was not observed in Wal+Sco 

group [t(7)= 10.25, p<0.01] which again emphasized the reversal of scopolamine induced 

memory impairment by pre-administration of walnut.   

6.4.1.4. Hippocampal and frontal cortical acetylcholine content  

Fig. 6.5 shows the data for the acetylcholine concentration in hippocampus and 

frontal cortex. In Fig. 6.5(a) statistical analysis revealed significant effect of the 

scopolamine 
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Fig. 6.4. Effects of pre-administration of walnut at the dose of 400 mg/kg in the 

scopolamine-induced animal model of impaired memory were assessed by novel object 

recognition task. Cognitive ability was determined as (a) recognition index and (b) chance 

performance. Values are means + SEM (n = 8). Data for recognition index was analyzed by 

Tukey’s test following two-way ANOVA; significant differences are represented as 

**p<0.01 from saline treated controls and ++p<0.01 from water treated controls. Data for 

chance performance was analyzed by one-sample t test; **p<0.01 represents that mean 

values are significantly different from chance performance (i.e., 50%; no discrimination 

between old and new objects).  
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[F(1,28)=64.58, p<0.01], and a significant interactions of walnut × scopolamine 

[F(1,28)=6.23, p<0.05]. Effect of walnut was not significant [F(1,28)=0.034, p>0.05] on 

hippocampal acetylcholine concentration following two-way ANOVA. Scopolamine 

injected rats showed significant decrease (p<0.05) in acetylcholine concentration as 

compared to saline treated rats following post-hoc test. Scopolamine injected rats that 

were pre-treated with walnut also showed significant decrease in the concentration of 

acetylcholine as compared to rats treated with walnut (p<0.01) alone.  

Fig. 6.5(b) shows the acetylcholine concentration examined in frontal cortex. 

Two-way ANOVA also showed significant effect of the scopolamine [F(1,28)=29.69, 

p<0.01]. Effect of walnut [F(1,28)=2.27, p>0.05]  and interaction of walnut × 

scopolamine [F(1,28)=0.663, p>0.05] were not significant on frontal cortical 

acetylcholine concentration. Post hoc analysis by Tukey’s test also revealed scopolamine 

injection significantly decreased (p<0.05) acetylcholine concentration as compared to 

saline treated controls. Wal+Sco group exhibited significant decrease (p<0.01) in 

acetylcholine concentration as compared to walnut group. 

6.4.1.5. Correlation between acetylcholine and acetylcholinesterase 

Pearson correlation was performed to obtain correlation between acetylcholine 

content and acetylcholinesterase activity in hippocampus and frontal cortex following 

pre-administration of walnut for 28 days. Fig. 6.6(a) depicts the existence of a positive 

correlation between acetylcholine levels and acetylcholinesterase activity in walnut 

treated saline and scopolamine injected rats (r= 0.551, p<0.05) whereas this correlation 

was not observed in saline and scopolamine injected control rats (r=-0.188, p>0.05) in 

hippocampus. In frontal cortex similar pattern was observed that is a significant positive 

correlation in walnut treated saline and scopolamine injected rats (r= 0.692, p<0.01) and 

a non-significant correlation in saline and scopolamine injected control rats (r= 0.401, 

p>0.05) was obtained as shown in Fig. 6.6(b). 

6.4.1.6. Correlation between acetylcholine and memory retention 

Correlation between acetylcholine content and memory retention for both 

hippocampus and frontal cortex following pre-administration of walnut was also 
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Fig. 6.5. Effects of walnut pre-administration (400 mg/kg) in scopolamine-induced memory 

impairment on acetylcholine concentration (µmol/g) in hippocampus (a) and frontal cortex 

(b). Values are means, with standard errors represented by vertical bars (n = 8). Data was 

analyzed by Tukey’s test following two-way ANOVA. Statistical differences are represented 

as *p<0.05, **p<0.01 from saline treated controls.  
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Fig. 6.6. Pearson correlation test was used to identify the relationship between acetylcholine 

content and acetylcholinesterase activity in hippocampus (a) and frontal cortex (b). Solid 

line and the values represent the correlation for water treated controls whereas dotted line 

and values represent correlation obtained for the walnut (400 mg/kg) treated rats.  
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Fig. 6.7. Correlation between memory retention and acetylcholine content of hippocampus 

(a) and frontal cortex (b) was analyzed by Pearson correlation test. Solid line and the values 

represent the correlation for water treated controls whereas dotted line and values represent 

correlation obtained for the walnut (400 mg/kg) treated rats. 
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determined by Pearson test (Fig. 6.7). A positive correlation was observed between 

hippocampal (r= 0.863, p<0.01) and frontal cortical (r= 0.633, p<0.01) acetylcholine 

levels and memory retention in walnut treated saline and scopolamine injected rats. 

Saline and scopolamine injected control rats exhibited non-significant correlation 

between hippocampal (r= 0.040, p>0.05) and frontal cortical (r= 0.119, p>0.05) 

acetylcholine concentration. 

6.4.2. Experiment B: Effects of pre-administration of walnut on scopolamine 

induced amnesia and oxidative stress  

6.4.2.1. Memory assessment by PAT 

This part of the study was conducted to evaluate the effects of long term walnut 

administration on scopolamine induced memory loss and brain oxidative alterations. The 

effects of long term administration of walnut on step down latency (Fig. 6.8) following 

scopolamine induced memory impairment was analyzed by three-way ANOVA with 

repeated measure design revealed significant effect of walnut administration 

[F(1,28)=544.49, p<0.01], scopolamine [F(1,28)=95.30, p<0.01], sessions 

[F(2,56)=287.01, p<0.01] and significant interactions of walnut × scopolamine 

[F(1,28)=16.87, p<0.01], walnut × sessions [F(2,56)=104.04, p<0.01], scopolamine × 

sessions [F(2,56)=27.31, p<0.01], walnut × scopolamine × sessions [F(2,56)=3.70, 

p<0.05]. Post hoc test showed that administration of walnut at the dose of 400 mg/kg for 

28 days resulted in an increase in learning acquisition (p<0.01) and memory retention 

(p<0.01) as compared to controls. Learning acquisition (p<0.01) and memory retention 

(p<0.01) were also significantly increased as compared to training session and acquisition 

session respectively in walnut treated rats. Scopolamine group exhibited impaired 

acquisition (p<0.05) as compared to control rats. Step down latency after 60 min was also 

comparable with training session in scopolamine treated rats further indicating impaired 

memory. Twenty-four hours after the training session, scopolamine injected rats showed 

significant increase (p<0.01) in step down latency as compared to acquisition session this 

improvement may be due to the effect of repeated exposure to the same stimuli however 

compared to untreated controls they showed reduced memory performance (p<0.01). Pre- 

administration of walnut significantly prevented the scopolamine induced memory 
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Fig. 6.8. Effects of pre-administration of walnut (400 mg/kg) in scopolamine induced 

memory impairment assessed by passive avoidance task as step-down latency (sec). Values 

are means + SEM (n = 8). Significant differences by Bonferroni test: *p<0.05, **p<0.01 

from respective control animals; ++p<0.01 from training phase values of similarly treated 

animals; ##p<0.01 from acquisition phase values of similarly treated animals, following 

three-way ANOVA repeated measure design.  
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impairment as shown by significant increased step down latency in Wal+Sco group as 

compared to controls. 

6.4.2.2. Oxidative status 

The effects of long term walnut administration following scopolamine induced 

amnesia on MDA levels and antioxidant enzymes activities are shown in Figure 6.9. 

Two-way ANOVA for MDA levels (Fig. 6.9a) showed significant effect of walnut 

administration [F(1,28)=54.90, p<0.01], scopolamine [F(1,28)=9.92, p<0.01] and a 

significant interaction of walnut × scopolamine [F(1,28)=10.71, p<0.01]. Walnut 

administered rats exhibited significantly (p<0.05) reduced lipid peroxidation as compared 

to untreated rats following Tukey’s post hoc test. Scopolamine significantly (p<0.01) 

induced oxidative stress as evident by increase in MDA levels as compared to control 

rats. Whereas pretreatment with walnut significantly (p<0.01) reduced lipid peroxidation 

in Wal+Sco group as compared to rats injected with scopolamine alone.  

Fig. 6.9(b) shows the SOD activity under each treatment. Two-way ANOVA 

revealed  significant effect of scopolamine [F(1,28)=7.05, p<0.05] but non-significant 

effect of walnut administration [F(1,28)=2.64, p>0.05] and a non-significant interaction 

of walnut × scopolamine [F(1,28)=1.48, p>0.05]. It was observed that scopolamine 

administration significantly (p<0.05) reduced SOD activity as compared to controls 

following Tukey’s post hoc analysis. This scopolamine induced decreased SOD activity 

was normalized by pre-administration of walnut in Wal+Sco group. In case of GPx 

activity (Fig. 6.9b) there was a significant effect of walnut administration [F(1,28)=5.63, 

p<0.05] and scopolamine injection [F(1,28)=6.84, p<0.05] significant interaction of 

walnut × scopolamine [F(1,28)=7.01, p<0.05] were observed following two-way 

ANOVA. Post hoc analysis by Tukey’s test revealed significant decrease (p<0.01) in GPx 

activity in rats injected with scopolamine alone than untreated rats. This reduced activity 

of GPx was not observed in Wal+Sco group. Pre-administration of walnut in Wal+Sco 

rats exhibited significantly increased (p<0.01) GPx activity as compared to scopolamine 

injected rats. 
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Data for brain CAT activity (Fig. 6.9c) was also analyzed by two-way ANOVA which 

showed significant effect of walnut administration [F(1,28)=6.22, p<0.05] and a 

significant interaction of walnut × scopolamine [F(1,28)=46.20, p<0.01] but a non-

significant effect of scopolamine [F(1,28)=0.070, p>0.05] was observed. Scopolamine 

induced significant reduction (p<0.01) in the CAT activity as compared to controls. Rats 

administered with walnut alone exhibited significant decrease (p<0.05) in CAT activity 

as compared to untreated rats suggesting its direct action on the enzyme activity. 

Administration of walnut significantly increased (p<0.01) the SOD activity as compared 

to scopolamine group. 

In order to determine the effect of walnut on oxidative status, a correlation test 

was performed between MDA levels and % memory retention (Fig. 6.10a). Saline and 

scopolamine injected control rats exhibited a negative correlation of MDA levels with % 

memory retention (r= -0.663, p<0.01). Walnut treated saline and scopolamine injected 

rats did not show this correlation between MDA levels with % memory retention (r= 

0.218, p>0.05). Negative co-relations of MDA levels with SOD (r= -0.542, p<0.05), GPx 

(r= -0.708, p<0.01) and CAT (r= -0.847, p<0.01) activities were also observed in saline 

and scopolamine injected control rats (Fig. 6.10b-d) whereas these correlations were not 

observed in walnut treated saline and scopolamine injected rats. These correlations 

emphasized the antioxidative properties of walnut administration against scopolamine 

induced oxidative stress.  

6.5. DISCUSSION 

Researchers are looking for dietary patterns and specific nutrients that may enhance brain 

function and hence reduce the risk of developing dementia (Whalley et al., 2004; 

Luchsinger and Mayeux, 2004). Dietary supplementation of walnut has been reported to 

improve learning and memory performance in transgenic animal model of Alzheimer’s 

disease (Muthaiyah et al., 2014). Consistent with these studies, the present investigation 

also revealed that long term walnut pre-administration significantly attenuated 

scopolamine induced impaired memory as evident by decreased transfer latency and 

escape latency in EPM and MWM respectively in Wal+Sco rats. This improved memory 
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was also consistently observed in NOR and PAT in the present study. These results can 

be attributed to the improved cholinergic function in walnut treated rats as further evident 

by positive correlation between acetylcholine concentrations and % memory retention 

(Fig. 8).  

Changes in the neurotransmitter systems with age have been extensively 

documented. Cholinergic neurons of the basal forebrain that are projected to the 

hippocampus and cerebral cortex are substantially reported to have a role in memory 

function (Preston and Eichenbaum, 2013). Specifically, the hippocampus is essential for 

the immediate formation of new memories and for the prolonged process of consolidating 

newly acquired memories (Milner et al., 1998). Beside the other neuronal pathways, 

cholinergic alterations have been significantly implicated in age-related memory 

dysfunction (Francis et al., 1999). In the present study scopolamine induced impaired 

memory was accompanied by decreased acetylcholine concentration in both observed 

brain regions. It has been established that in the presence of antagonist release of 

neurotransmitter increases in the synaptic cleft. Scopolamine being the antagonist of 

muscarinic receptors has been shown to increase the extracellular acetylcholine release 

and decrease choline content suggesting its increased turnover in hippocampus and 

frontal cortex (Toide, 1989). The present study is in accordance with the previously 

reported study (Toide, 1989) that due to the blockade of muscarinic receptors by 

scopolamine there could be increased degradation of acetylcholine resulting in 

impairment of memory. Choline supplementation during developing stage has been 

associated with significant and irreversible changes in hippocampal activity in the adult 

rodents which include increased hippocampal progenitor cell proliferation, decreased cell 

death of these cells (Albright et al., 1999a; Albright et al., 1999b), enhanced long-term 

potentiation (Pyapali et al., 1998; Montoya et al., 2000) and improved memory functions 

(Meck and Williams, 1997; Williams et al., 1998). These effects were hypothesized to be 

attributed to increased availability of brain choline for the synthesis and release of 

acetylcholine (Zeisel, 2006). Increased hippocampal acetylcholine release has been 

demonstrated during the memory performance in rats (Yamamuro et al., 1995; Fadda et 

al., 1996). Lim and Suzuki (2000) have shown improved memory function following the 

intake of phoshatidylcholine rich diet for four months. These scientists postulated 
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that phoshatidylcholine provides choline precursor for the synthesis of acetylcholine and 

thus improved the learning and memory function in mice.  

In present study rats administered with walnut (which contains 32 mg choline 

/100g) for 28 days exhibited a non-significant increase in hippocampal acetylcholine 

concentration however a significant improvement in memory performance compared to 

untreated controls. Whereas, Wal+Sco group which was pre-administered with walnut 

resulted in decreased acetylcholine but showed improved memory performance as 

compared to rats treated with scopolamine alone. Here it may be suggested that choline 

content in walnut may increase the synthesis and release of acetylcholine as compared to 

scopolamine injected rats and more acetylcholine may be available to bind with 

remaining receptors and produce memory enhancing effects. It is further postulated that 

beside cholinergic function some other mechanism may be involved in walnut induced 

memory improvement. In chapter 4 increased level of brain tryptophan, precursor of 

serotonin (5-HT), was reported following the long term administration of walnut in rats. 

Levels of 5-HT and its metabolite, 5-HIAA, were also significantly enhanced in walnut 

treated rats indicating increased 5-HT metabolism by walnut administration. Walnut is 

the rich source of essential amino acids and essential unsaturated fatty acids. It is 

suggested that supplementation of tryptophan and vitamin B6-rich food might increase 5-

HT levels and prevent its deficiency (Shabbir et al., 2013). Dietary tryptophan 

administration has been shown to improve serotonergic neurotransmission and thus 

learning and memory performance in rodents (Haider et al., 2007). It has been 

demonstrated that tryptophan-rich foods may play an important role in reducing 

depression and aggression possibly by improving 5-HT neurotransmission. A negative 

association between dietary tryptophan and suicidal rate has been shown previously 

(Mawson and Jacobs, 1978; Voracek and Tran, 2007). The high essential unsaturated 

fatty acid content of walnut may also provide reason for the increased brain serotonergic 

neurotransmission. Studies have shown that membrane essential fatty acids may 

influence each step of biogenic amine function including neurotransmitter production, 

degradation, release, reuptake and binding (Salem et al., 1986; Salem, 1989). Walnuts 

contain n-3 and n-6 fatty acids at the effective ratio of 1:4 which has been demonstrated 

to improve memory performance in young rats (Yehuda and Carasso, 1993) and 
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senescence-accelerated mice (Umezawa et al., 1995). Rats supplemented with essential 

fatty acids exhibited increased neuronal membrane fatty acid composition as shown by 

Yehuda et al (1998). Since walnuts provide tryptophan and essential fatty acids, it is 

conceivable that walnut derived essential nutrients could account for the effects of 

supplementation on scopolamine induced amnesia in this study. Other constituents of 

walnuts such as melatonin, folate, vitamin E and phenolic compounds could also be 

contributing to the memory enhancing effects of walnut supplementation (Fukuda et al., 

2003; Colaric et al., 2005; Tuzcu and Baydas, 2006; Raghavendra and Kulkarni, 2001). 

Oxidative stress (Montine et al., 2002; Steele et al., 2007; Bonda et al., 2010) and 

inflammation (Rozemuller et al., 2005; Schwab and McGeer, 2008) are prominent 

features in the pathophysiology of age-related cognitive impairments. The early stages of 

mild cognitive impairment have also been associated with enhanced oxidative stress in 

the individuals with Alzheimer’s disease (Keller et al., 2005; Schrag et al., 2013). This 

study was also concerned with the brain oxidative status of walnut administration 

following scopolamine injection. Scopolamine induced impaired memory and oxidative 

stress has been reported earlier (Budzynska et al., 2015). Our results are also consistent 

with these findings as evident by significant increased MDA levels and decreased 

antioxidant enzyme activities in rats injected with scopolamine alone. Whereas, pre-

administration of walnut for 28 days in Wal+Sco group depicted significantly reduced 

MDA level which was accompanied with normalized activities of antioxidant enzymes 

suggesting the attenuation of scopolamine induced oxidative stress in these rats. The 

health benefiting effects of diet has become increasingly attracted by the researchers 

because of the repeated evidences that plant foods rich in phenolic compounds are an 

important class of defensive antioxidants (Atmani et al., 2009; Darvesh et al., 2010; 

Gutierrez et al., 2011). As mentioned in the introduction section that walnuts also contain 

valuable antioxidant phenolic compounds (Chrzanowski et al., 2011) and because of 

these compounds walnut has been shown to stand first among twenty-five commonly 

consumed foods (Gunduc and El in 2003). Phenolic compounds of walnut showed strong 

antioxidant activities (Fukuda et al., 2003; Colaric et al., 2005). It has been shown that 

consumption of various polyphenol-rich foods increased antioxidant capacity of plasma 

(Manach et al., 2004). Acute consumption of walnut has been demonstrated to reduce 
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lipid peroxidation, increase plasma polyphenol concentration and total antioxidant 

capacity in healthy human volunteers (Torabian et al., 2009). The hydroxyl groups of 

polyphenols have shown to form hydrogen bonding with the polar head of phospholipids 

at the membrane surface (Verstraeten et al., 2003). This adsorption of polyphenols 

probably limits the access of aqueous oxidants to the membrane surface and their initial 

attack on that surface thereby inhibiting the oxidative damage and reducing the lipid 

peroxidation (Manach et al., 2004). The reduced brain MDA levels in walnut treated rats 

in the present study indicates inhibition of lipid peroxidation and reduced oxidative stress 

probably due to antioxidant nutrients present in walnut.  

The scopolamine induced oxidative stress was also observed by the correlation of 

MDA level with antioxidant enzyme activities (Fig. 6.10). Scopolamine un-injected and 

injected rats exhibited consistent negative correlations between MDA levels and 

antioxidant enzyme activities which were not observed in walnut treated rats. The 

oxidative stress induced impaired memory was also evident by a negative correlation 

between lipid peroxidation and % memory retention in scopolamine un-injected and 

injected control rats which was also not observed in walnut treated rats. It is suggested 

that in present study the scopolamine may have induced an increase in lipid peroxidation 

and decrease in antioxidant enzyme activities leading in an increased generation of free 

radicals, which are not effectively scavenged and hence accumulated, resulting a negative 

correlation between oxidative marker and enzyme activities. The antioxidant composition 

of walnut may provide protection against scopolamine induced free radicals and thus 

decrease lipoperoxidation as no correlation of MDA levels with enzyme activities were 

found in walnut treated rats resulting in attenuation of adverse effects of scopolamine. 

These results indicate that the antioxidant profile of walnut may provide protection 

against oxidative stress induced neurodegeneration and memory dysfunction. The 

aforementioned statement is reflected by the correlation of acetylcholine levels with 

acetylcholinesterase (Fig. 6.6) and % memory retention (Fig. 6.7).  The walnut 

administered group demonstrated a positive correlation between acetylcholine and 

acetylcholinesterase activity in both hippocampus and frontal cortex indicating increased 

cholinergic neurotransmission in these memory specific brain regions which was not 

observed in controls. Increase neurotransmission can be reflected by increased substrate  
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levels and increased activity of degradative enzyme (Wurtman et al., 1980; Korf, 1981). 

The reactive species that are generated as a result of oxidative stress in age-related 

memory impairments contribute to dysregulation of membrane proteins and thus cause a 

cascade of intracellular events resulting in more reactive species and cellular death that 

ultimately induce an apoptotic cascade mechanism and lead to degeneration of neuronal 

cells including cholinergic neurons in Alzheimer’s disease (Feng and Wang, 2012). It has 

been suggested that the combination of different antioxidants derived from plant products 

may act synergistically for proper protection of the cell components against oxidative 

stress (Commenges et al., 2000; Engelhart et al., 2002; Morris et al., 2005). The non-

enzymatic antioxidant molecule when reacts with reactive free radicals it converts into an 

antioxidant radical having reduced ability to react with vital cellular components. In this 

state still it can be harmful for the cell (Buettner, 1993). The antioxidant radical needs to 

react with another antioxidant to further decrease the reactivity until the antioxidant 

radical is no longer a threat to the cell (Blomhoff, 2005). Thus, the present study 

demonstrates that anti-oxidant properties of walnut may provide augmented effects on 

cholinergic function by reducing oxidative stress and thus improving memory 

performance. 

6.6. CONCLUSION  

In conclusion, the antioxidative and memory enhancing effects of walnut 

following scopolamine induced oxidative stress and amnesia in rats were investigated in 

the current study. The results revealed that long term pre-administration of walnut intake 

attenuated memory impairment induced by oxidative damage and cholinergic dysfunction 

by scopolamine. Increased oxidative stress is associated with age-related memory 

dysfunction and use of functional foods having the antioxidant profile may delay or 

prevent the onset of memory impairments in older age. Walnut has been shown to 

enhance serotonergic system (chapter 4). Whereas, in the present study improved 

cholinergic function and reduced oxidative stress suggest the synergistic action of walnut 

components. Therefore, the use of walnut as a dietary source of various essential 

components and non-nutrient antioxidants before the onset or progression of oxidative 

stress induced amnesia is highlighted in this study. These findings further support the 

notion that consumption of nuts in daily diet may be beneficial for a healthy brain 

function.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Feng%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22888398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=22888398
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CHAPTER 7(a) 

Effects of long-term almond supplementation on scopolamine induced 

cholinergic alterations 

7.1. INTRODUCTION 

Daily consumption of healthy diet is recommended for prolonging healthy life 

(Tse and Benzie 2004, Yamori, 2004). Diet has an extensive influence on health and 

aging (Caracciolo et al., 2014). It has been shown that dietary intake alters the 

progression of age-associated diseases such as memory loss, cardiovascular diseases and 

diabetes (Everitt et al., 2006; Teissedre et al., 1996). Researchers are looking for dietary 

patterns and specific nutrients that may enhance brain function and hence reduce the risk 

of developing dementia (Whalley et al., 2004; Luchsinger and Mayeux, 2004). Studies 

suggest that extensive consumption of fruits and vegetables may reduce the risk of 

developing dementia (Morris et al., 2006; Joseph et el., 2005). Individual dietary 

components have been widely studied for their importance in age-related cognitive 

changes and dementia including antioxidant nutrients, polyphenols and dietary fats 

(Caracciolo et al., 2014). Use of tree nuts, as dietary supplements, has a potential to delay 

the onset of cognitive dysfunction associated with aging process (Pribis and Shukitt-Hale, 

2014). Tree nuts contain a wide variety of nutrients such as phenolic acids, flavonoids, as 

well as mono- and poly-unsaturated fatty acids. These components have the potential of 

combating age-related brain dysfunction (Bolling et al., 2010). It is suggested that 

nutrients and other bioactive substances present in tree nuts, such as almonds, have 

concerted action in beneficial effects for health (Blomhoff et al., 2006). Almonds are rich 

in monounsaturated fatty acids and are a good source of plant proteins, minerals, dietary 

fibers and vitamins (USDA; Table 1.2). Almond also contains considerable amount of 

antioxidant polyphenols including morin, quercetin, quercitrin, kaempferol 3-O-

rutinoside, isorhamnetin, and isorhamnetin 3-O-glucoside (Wijeratne et al., 2006). 
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Changes in the neurotransmitter systems with age have been extensively 

documented (Haider et al., 2014; Chand Basha et al., 2014). Cholinergic neurons of the 

basal forebrain that are projected to the hippocampus and cerebral cortex have a role in 

memory function in both animal and human studies (Preston and Eichenbaum, 2013). 

Aging is specifically associated with central cholinergic changes, which are reflected in a 

reduced cholinoreceptive functional activity (Francis et al., 1999) and decreased 

muscarinic cholinergic receptor density (Tayebati et al., 2004). The postmortem studies 

of Alzheimer’s disease patients showed selective reductions in the M2 subtype of 

muscarinic receptors (Aubert et al., 1992; Francis et al., 1999). Choline, the precursor of 

acetylcholine, is an essential nutrient which is necessary to various biological functions. 

Beside the precursor of acetylcholine, choline also serves as the precursor for 

sphingomyelin and phosphatidylcholine, which are required for the structure and integrity 

of cell membranes (Zeisel et al., 1991). Cholinergic neurons obtain choline from the 

dietary sources or from the metabolism of phosphatidylcholine (Zeisel and Blusztajn, 

1994). Adequate concentrations of choline in diet and in the brain are thought to be 

protective against age-related cognitive decline by preserving the cholinergic 

transmission (Tomimoto et al., 2005; Amenta et al., 2001). Legumes and nuts are among 

the natural products which may provide exogenous source of choline (Zeisel et al., 1991; 

USDA). The cholinergic deficit seems to be a principal element responsible for the 

memory loss that is typical of Alzheimer's disease. Cholinergic hypothesis of learning 

states that pharmacological interruption of cholinergic system may induce similar 

memory deficit in young subjects as observed in elderly (Francis et al., 1999). Based on 

this hypothesis, use of scopolamine provides the model of memory impairment and is 

used in various studies (Fan et al., 2005; Tanabe et al., 2004; Hancianu et al., 2013). 

Scopolamine is a non-selective post-synaptic receptor antagonist. This drug reduces the 

effectiveness of acetylcholine action by blocking some of the muscarinic receptors 

present at the synapse and inhibits depolarization (North et al., 1985). Scopolamine 

causes changes partially mimics the age-associated changes. Ebert and Kirch in 1998 

observed that the scopolamine-influenced electroencephalogram changes are similar to 

those found in patients of dementia. Moreover, scopolamine produces similar memory 

impairments as observed in the elderly. In the present study, scopolamine was chosen to 
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induce memory impairment in young adult rats to develop dementia-like condition 

observed in older age. In chapter 5 enhanced memory function following long-term 

administration of almond was reported and it was hypothesized that choline content of 

these healthy nuts, which leads to the synthesis of acetylcholine in brain, may be involved 

in the observed improved memory function. Almond induced improved memory and role 

of acetylcholinesterase in rat brain has been shown earlier (Kulkarni et al., 2010). 

However, specific involvement of acetylcholine following almond ingestion has not yet 

been investigated. The present study, therefore, was conducted to determine the 

acetylcholine content and acetylcholinesterase activity following almond administration. 

This study further investigated the possible protective potential of almond against 

scopolamine induced amnesia in rats   

7.2. EXPERIMENTAL PROTOCOL 

Thirty-two rats were randomly divided into two control and test groups. Test 

group was given almond suspension (400 mg/kg) whereas controls were treated with 

vehicle (water) simultaneously. Twenty-eight days later both groups were divided into 

saline and scopolamine injected rats (n = 8/group). Scopolamine was injected 

intraperitoneally 5 min before the start of each memory test at the dose of 0.5 mg/kg (Fig. 

7.1). Memory was assessed by EPM, MWM and NOR according to the protocol as 

described in chapter 2. Rats were decapitated immediately after behavioral tests to collect 

the brain samples. All brain samples were immediately stored at −70°C for 

neurochemical assays. Acetylcholine content and acetylcholinesterase activity were 

determined in hippocampus and frontal cortex.  

7.3. STATISTICAL ANALYSIS 

Data for training and test sessions obtained from EPM and MWM were analyzed 

by Bonferroni test following three-way (almond × scopolamine × sessions) ANOVA with 

repeated measure design. Recognition index and acetylcholine concentration were 

statistically estimated by two-way ANOVA with Tukey’s post hoc test to compare the 

different groups. One-sample t-test was used to determine whether the exploration ratios 
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in NOR test under each condition were significantly different from chance levels. 

Furthermore, various correlations were also determined by Pearson correlation test. 

Values of p<0.05 was considered as a statistically significant difference.     

7.4. RESULTS 

7.4.1. Memory assessment by EPM  

Data for EPM (Fig. 7.2), which was analyzed by three-way ANOVA with 

repeated measure design, revealed significant effect of almond administration 

[F(1,28)=13.51, p<0.01], scopolamine [F(1,28)=14.31, p<0.01], sessions 

[F(2,56)=102.71, p<0.01] and significant interactions between almond × sessions 

[F(2,56)=11.06, p<0.01] and scopolamine × sessions [F(2,56)=4.41, p<0.05]. Other 

interactions were statistically not significant. Post hoc test showed that administration of 

almond at the dose of 400 mg/kg for 28 days resulted in an increase in learning 

acquisition (p<0.01) and memory retention (p<0.01) as compared to controls. Learning 

acquisition (p<0.01) and memory retention (p<0.01) were also significantly increased as 

compared to training session and acquisition session, respectively in almond treated rats. 

Scopolamine group exhibited impaired acquisition (p<0.01) and retention (p<0.05) as 

compared to that of control rats. Pre-administration of almond significantly prevented the 

scopolamine induced memory impairment as shown by comparable latency in 

almond+scopolamine (Alm+Sco) group with controls. 

7.4.2. Memory assessment by MWM  

Results of MWM (Fig. 7.3) were also analyzed by three-way ANOVA with 

repeated measure design which showed significant effect of almond administration 

[F(1,28)=37.20, p<0.01], scopolamine [F(1,28)=39.20, p<0.01], sessions 

[F(2,56)=114.03, p<0.01] and a significant interactions between almond × sessions 

[F(2,56)=10.76, p<0.01] and almond × scopolamine [F(1,28)=18.14, p<0.01]. Other 

interactions were statistically not significant. Post hoc test by Bonferroni test showed that 

learning acquisition (p<0.01) and memory retention (p<0.01) were significantly increased 

as compared to that of controls following the administration of almond at the dose of 400 



 Almond supplementation and cholinergic alterations 

109 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.2. Effects of almond pre-administration (400 mg/kg) in scopolamine induced memory 

impairment were assessed by elevated plus maze as transfer latency. Values are means, with 

standard errors represented by vertical bars (n = 8). Significant differences by Bonferroni test: 

*p<0.05, **p<0.01 from respective control animals; +p<0.05, ++p<0.01 from training phase 

values of similarly treated animals; ##p<0.01 from acquisition phase values of similarly 

treated animals, following three-way ANOVA repeated measure design. 
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Fig. 7.3. Effects of almond pre-administration (400 mg/kg) in scopolamine induced 

memory impairment were assessed by Morris water maze as escape latency. Values are 

means, with standard errors represented by vertical bars (n = 8). Significant differences 

by Bonferroni test: **p<0.01 from respective control animals; ++p<0.01 from training 

phase values of similarly treated animals; ##p<0.01 from acquisition phase values of 

similarly treated animals, following three-way ANOVA repeated measure design.  
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mg/kg for 28 days. Learning acquisition (p<0.01) and memory retention (p<0.01) were 

also significantly increased as compared to training session and acquisition session, 

respectively in the almond-treated rats. Scopolamine group exhibited impaired 

acquisition (p<0.01) and retention (p<0.05) as compared to control rats. Pre-

administration of almond significantly prevented the scopolamine induced memory 

impairment as shown by comparable latency in Alm+Sco group with controls. 

7.4.3. Memory assessment by NOR  

Impaired memory induced by scopolamine and its attenuation by pre-

administration of almond was also observed in NOR task. In Fig. 7.4(a) data was 

analyzed by two-way ANOVA. Statistical analysis demonstrated a significant effect of 

the almond administration [F(1,28)=74.76, p<0.01], and a significant interactions 

between almond × sessions [F(1,28)=14.47, p<0.01]. Effect of scopolamine was not 

significant [F(1,28)=1.54, p>0.05]. In NOR task the scopolamine rats also showed 

impaired cognitive ability as evident by decreased recognition index (p<0.01) as 

compared to that of controls following post-hoc analysis by Tukey’s test. Almond 

administration (400 mg/kg) for 28 days revealed significant increase in recognition index 

(p<0.01) as compared to the saline-treated control rats indicating improved cognitive 

ability. Impaired cognitive ability induced by scopolamine was reversed by the pre-

administration of almond in Alm+Sco group as this group exhibited increased cognitive 

ability as compared to the scopolamine treated group (p<0.01).  

Fig. 7.4(b) represents the chance performance under each treatment which was 

analyzed by one-sample t test. Chance performance (50%; i.e. equal % time spent with 

new and old object) is the level at which rat is unable to discriminate between familiar 

and new object. Saline treated controls did not perform better than the chance level [t(7)= 

0.438, p>0.05], whereas almond group significantly performed better than the chance 

performance [t(7)= 3.51, p<0.05]. The scopolamine-treated rats exhibited impaired 

memory score than chance performance [t(7)= 7.56, p<0.01] which was not observed in 

Alm+Sco group [t(7)= 6.05, p<0.01], which again emphasized the reversal of 

scopolamine induced memory impairment by pre-administration of almond. 



 Almond supplementation and cholinergic alterations 

112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.4. Effects of pre-administration of almond at the dose of 400 mg/kg in the scopolamine-

induced animal model of impaired memory was assessed by novel object recognition task. 

Cognitive ability was determined as recognition index (a) and chance performance (b). Values 

are means, with standard errors represented by vertical bars (n = 8). Data for recognition 

index was analyzed by Tukey’s test following two-way ANOVA; significant differences are 

represented as **p<0.01 from saline treated controls and ++p<0.01 from water treated 

controls. Data for chance performance was analyzed by one-sample t test; **p<0.01 

represents that mean values are significantly different from chance performance (i.e., 50%; no 

discrimination between old and new objects).  
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7.4.4. Hippocampal and frontal cortical acetylcholine content  

The acetylcholine concentrations in hippocampus are presented in Fig. 7.5(a). The 

statistical analysis revealed significant effect of the scopolamine [F(1,28)=70.40, 

p<0.01], and a significant interactions between almond × scopolamine [F(1,28)=19.59, 

p<0.01]. Effect of almond was not significant [F(1,28)=0.284, p>0.05] on hippocampal 

acetylcholine concentration as determined by two-way ANOVA. The almond 

administered rats exhibited significant increase (p<0.01) whereas the scopolamine 

injected rats showed significant decrease (p<0.05) in acetylcholine concentration as 

compared to that of the saline treated rats. The scopolamine injected rats that were pre-

treated with almond showed significant decrease in the concentration of acetylcholine as 

compared to that of almond-treated (p<0.01) or the scopolamine-treated (p<0.05) rats.  

The acetylcholine concentration determined in frontal cortex is shown in Fig. 

7.5(b). Two-way ANOVA analysis indicated significant effect of the scopolamine 

[F(1,28)=49.91, p<0.01], and a significant interactions between almond × scopolamine 

[F(1,28)=9.18, p<0.01]. Effect of almond was not significant [F(1,28)=0.284, p>0.05] on 

frontal cortical acetylcholine concentration. Post hoc analysis by Tukey’s test also 

revealed that almond administration significantly increased, whereas, scopolamine 

injection significantly decreased acetylcholine concentration as compared to that of saline 

treated controls. The Alm+Sco group exhibited significant decrease (p<0.01) in 

acetylcholine concentration as compared to that of almond group.  

7.4.5. Correlation between acetylcholine and acetylcholinesterase 

Pearson correlation test was performed to determine a correlation between 

acetylcholine content and acetylcholinesterase activity in hippocampus and frontal cortex 

following pre-administration of almond for 28 days. Fig. 7.6(a) depicts the existence of a 

positive correlation between acetylcholine levels and acetylcholinesterase activity in the 

almond-treated rats that were administrated with either saline or scopolamine (r= 0.638, 

p<0.01) whereas this correlation was not observed in the saline and the scopolamine 

injected control rats (r=-0.073, p>0.05) in hippocampus. In frontal cortex similar pattern 

was observed that is a significant positive correlation in the almond-treated saline and the 
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Fig. 7.5. Effects of almond pre-administration (400 mg/kg) in scopolamine-induced memory 

impairment on acetylcholine concentration (µmol/g) in hippocampus (a) and frontal cortex 

(b). Values are means, with standard errors represented by vertical bars (n = 8). Data was 

analyzed by Tukey’s test following two-way ANOVA. Statistical differences are represented 

as *p<0.05, **p<0.01 from saline treated controls and +p<0.05, ++p<0.01 from water treated 

controls.  

 



 Almond supplementation and cholinergic alterations 

115 

 

scopolamine injected rats (r= 0.649, p<0.01) and a non-significant correlation in saline 

and scopolamine injected control rats (r= 0.452, p>0.05) was obtained as shown in Fig. 

7.6(b). 

7.4.6. Correlation between acetylcholine and memory retention 

A correlation between acetylcholine content and memory retention for both 

hippocampus and frontal cortex following pre-administration of almond was also 

determined by Pearson test (Fig. 7.7). A positive correlation was observed between 

hippocampal (r= 0.665, p<0.01) and frontal cortical (r= 0.531, p<0.05) acetylcholine 

levels and memory retention in the almond-treated saline and scopolamine injected rats. 

The saline and the scopolamine injected control rats exhibited non-significant correlation 

between hippocampal (r= 0.198, p>0.05) and frontal cortical (r= 0.260, p>0.05) 

acetylcholine concentration. 

7.5. DISCUSSION 

Lifestyle pattern may act as an important modifier of cognitive functions and 

clinical manifestations of neurodegenerative conditions such as memory loss in elderly. 

Physical exercise and cognitive stimulating activities are involved in beneficial effects on 

health (Hillman et al., 2008). Dietary interventions may provide a low cost and low risk 

perspective in prevention of dementia (Kalaria et al., 2008). Epidemiological studies of 

the Mediterranean diet revealed considerable decrease in the risk of Alzheimer’s disease 

(Mosconi et al., 2014). Nuts are traditionally consumed in high amount in the 

Mediterranean diet (Willett et al., 1995). Previous studies in animal and human trials 

suggest potential positive effects of nuts on memory function, particularly in older 

subjects (Pribis and Shukitt-Hale, 2014). The present study is consistent with the earlier 

study (Kulkarni et al., 2010) that long term almond administration significantly improved 

memory retention as evident by decreased transfer latency and escape latency in EPM 

and MWM, respectively. These results were further supported by increased recognition 

index in almond treated rats. This memory enhancing effect of almond was also observed 

in the scopolamine-induced amnesia model. There was an improved discrimination 

between familiar and new object in NOR task in Alm+Sco animals. These rats also 
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Fig. 7.6. Pearson correlation test was used to identify the relationship between acetylcholine 

content and acetylcholinesterase activity in hippocampus (a) and frontal cortex (b). Solid line 

and the values represent the correlation for water treated controls whereas dotted line and 

values represent correlation obtained for the almond (400 mg/kg) treated rats. 
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Fig. 7.7. Correlation between % memory retention and acetylcholine content of hippocampus 

(a) and frontal cortex (b) was analyzed by Pearson correlation test. Solid line and the values 

represent the correlation for water treated controls whereas dotted line and values represent 

correlation obtained for the almond (400 mg/kg) treated rats. 
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showed a decrease in transfer latency and escape latency, i.e. rats were able to locate the 

safe area in elevated maze and were also able to locate hidden platform while swimming 

in the MWM. These observations indicate a reversal of scopolamine-induced memory 

loss.    

The role of hippocampus and frontal cortex is highly implicated in learning and 

memory processes (Xu and Südhof et al., 2013). Successive studies have provided 

convincing evidence that these two important regions of brain play a selective role in our 

everyday memory for facts and events particularly called as declarative memory (Fortin  

et al., 2004; Preston and Eichenbaum, 2013; Xu and Südhof  et al., 2013). Specifically, 

the hippocampus is essential for the immediate formation of new memories and for the 

prolonged process of consolidating newly acquired memories (Milner et al., 1998). 

Evidence has shown that cholinergic projections from hippocampus and frontal cortex are 

involved in cognition-related processes such as learning and memory (Inglis et al., 1994). 

The discovery of degeneration of cholinergic neurons in hippocampus and frontal cortex 

during memory disorder such as Alzheimer’s disease has enabled the scientist to define 

the role of cholinergic system in memory dysfunction (Walsh et al., 1984). Increase 

hippocampal acetylcholine release was demonstrated during the performance of a 

discrimination learning task and T-maze test in rats (Yamamuro et al., 1995; Fadda et al., 

1996). Lim and Suzuki (2000) have shown improved memory function following the 

intake of phophatidylcholine rich diet for four months. These scientists postulated that 

phoshatidylcholine provides choline precursor for the synthesis of acetylcholine and thus 

improved the learning and memory function in mice. In the present study we observed an 

increase in acetylcholine content in hippocampus and frontal cortex following long term 

administration of almond. According to USDA and Nutrition database, 100g almond 

contain 52 mg of choline. Although the amount of administrated choline via almond was 

little but it is convincible that daily long term intake of almond may increase the plasma 

choline and thus brain choline concentration which may be available for the synthesis of 

acetylcholine and improved memory retention as observed in EPM, MWM and NOR task 

in the present study. The scopolamine-induced impairment in memory was accompanied 

by decreased acetylcholine concentration in both observed brain regions. It has been 

established that in the presence of antagonist, release of neurotransmitter increases in the 



 Almond supplementation and cholinergic alterations 

119 

 

synaptic cleft. Scopolamine being the antagonist of muscarinic receptors has been shown 

to increase the extracellular acetylcholine release and decrease choline content. These 

observations suggest its increased turnover in hippocampus and frontal cortex (Toide, 

1989). The present study is also consistent with the previously reported study (Toide, 

1989) because the blockade of muscarinic receptors by scopolamine may increase 

degradation of acetylcholine causing in impairment of memory. Pre-administration of 

almond in scopolamine-injected rats also exhibited decreased acetylcholine concentration 

but showed improved memory as compared to rats injected with scopolamine alone. Here 

it is indeed difficult to explain, however, it may be suggested that choline content in 

almond may increase the synthesis and release of acetylcholine as compared to the 

scopolamine injected rats and, therefore, more acetylcholine may be available to bind 

with remaining receptors and produce memory enhancing effects. Increase 

neurotransmission can be reflected by increased substrate levels and increased activity of 

degradative enzyme (Wurtman et al., 1980; Korf, 1981). In the present study almond-

administered group demonstrated positive correlation between acetylcholine and 

acetylcholinesterase activity in both hippocampus and frontal cortex, which was not 

observed in control rats, indicating an increased cholinergic neurotransmission in these 

memory specific brain regions. Moreover, acetylcholine content of hippocampus and 

frontal cortex in the almond-treated rats was also positively correlated with memory 

retention, again demonstrating the role of acetylcholine in memory enhancing effects of 

long term almond administration.     

Memory process is associated with the cholinergic neurons but this complex 

process is also affected by changes in other neurotransmitter systems. Neurons containing 

serotonin comprise another neurochemical system that has been repeatedly implicated in 

learning and memory function (Meltzer et al., 1998; Buhot et al., 2000; Haider et al., 

2012b; Meneses et al., 2013). Almond is the rich source of essential amino acids and 

essential unsaturated fatty acids. Dietary tryptophan administration has been shown to 

improve serotonergic neurotransmission (Haider et al., 2007). Increased levels of brain 

tryptophan, precursor of serotonin, is reported in chapter 5 following the long term 

administration of almond in rats. 5-HT turnover was also significantly enhanced in the 

almond-treated rats, indicating an increased 5-HT metabolism by almond administration. 
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It has been demonstrated that tryptophan-rich foods may play an important role in 

reducing depression and aggression possibly by improving 5-HT neurotransmission. A 

negative association between dietary tryptophan and suicidal rate has been shown 

previously (Mawson and Jacobs, 1978; Voracek and Tran, 2007). The high essential 

unsaturated fatty acid content of almond may also provide reason for the increased brain 

serotonergic neurotransmission. Studies have shown that membrane essential fatty acids 

may influence each step of biogenic amine function including neurotransmitter 

production, degradation, release, reuptake, and binding (Salem et al., 1986; Salem, 1989). 

Data regarding the specific effects of dietary long chain mono- and poly-unsaturated fatty 

acids on biogenic amine function are sparse but experiments on n-3 and n-6 fatty acids do 

suggest that dietary polyunsaturates may affect serotonergic neurotransmission. Oleic 

acid (30% of almond) has been shown to increase the serotonin reuptake (Hibbeln 

and Salem, 1995). Here it can be postulated that unsaturated fatty acids content of almond 

may be involved in improved brain serotonergic function, thereby improving memory 

function in rats. The attenuation of scopolamine induced amnesia following almond 

administration may also be explainable in the same context as reduced cholinergic 

function may activate serotonergic system as a compensatory mechanism to maintain the 

memory process. Almond also contains a number of polyphenolic compounds which 

have been shown to have antioxidant properties (Wijeratne et al., 2006). Therefore, 

specific antioxidative cellular mechanisms of almond on neuronal function related to 

attenuation of cognitive impairment following scopolamine injection are intended to 

investigate in the next chapter. Like the other antioxidant nutritional substances, it is 

likely that almonds may also provide a variety of bioactive compounds that show 

multiple effects on neural tissue that might reduce the oxidative stress and reverse the 

scopolamine induced amnesia.      

7.6. CONCLUSION 

In conclusion, the nootropic effects of almond following scopolamine induced 

amnesia in rats were investigated in this study. The results revealed that long term pre-

administration of almond intake attenuated memory impairment induced by blockade of 

muscarinic receptors by scopolamine. Scopolamine has been shown to induce age related 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Hibbeln%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=7598049
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hibbeln%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=7598049
http://www.ncbi.nlm.nih.gov/pubmed/?term=Salem%20N%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=7598049


 Almond supplementation and cholinergic alterations 

121 

 

memory loss. Reduced acetylcholine content is associated with memory deficits and the 

use of essential nutrient such as choline in daily diet may delay or prevent the onset of 

memory impairment observed in old age. The present study therefore, emphasizes the use 

of almonds as dietary source of essential nutrients in the early age when the brain has 

high degree of neuronal plasticity and hence may have effective outcomes in late age 

related neurodegenerative disorders.  Increased acetylcholine levels in brain following 

almond administration in rats were found in this study, hence for the first time the present 

study provides evidence for the involvement of cholinergic function in almond induced 

memory enhancement.  
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CHAPTER 7(B) 

Effects of long-term almond supplementation on scopolamine induced 

oxidative stress 

7.1. INTRODUCTION 

Decline in learning and memory functions is widely illustrated with advancing 

age. Memory impairment in elderly is associated with reduced antioxidant defense 

mechanism including decrease enzymatic and non-enzymatic antioxidants (Haider et al., 

2014; Haddadi et al., 2014). This reduced mechanism leads to imbalance between 

prooxidants and antioxidants resulting in a threatening condition to the normal function 

of living cell commonly known as oxidative stress. Malondialdehyde (MDA), the major 

lipid peroxidation product, is the frequently used biomarker to determine oxidative 

damage. MDA is known to induce structural changes in major biomolecules by binding 

with free amino groups of protein, phospholipids and nucleic acids (Pandey and Rizvi 

2010). Central nervous system compared to peripheral tissues is considered as the main 

target for peroxidative damage because of its high unsaturated fatty acid content and 

oxygen consumption property.  Oxidative stress acts as a causal factor in tau-induced 

neurodegeneration and markers of oxidative damage have been detected in brain tissue 

from patients with Alzheimer’s disease and other neurodegenerative disorders (Montine 

et al., 2002; Hald and Lotharius, 2005). Memory loss in elderly is associated with decline 

in antioxidant enzyme activities including SOD, CAT and GPx (Haider et al., 2014; 

Haddadi et al., 2014). Increasing evidence suggests that age related neurodegeneration 

due to oxidative stress may be involved in disruption of cholinergic muscarinic receptors 

by impairing the cellular 2nd messenger cascade (Mattson and Pedersen, 1998). 

Scopolamine, the anti-muscarinic agent, has been shown to induce oxidative stress (Fan 

et al., 2005). Antioxidant enzyme activities are reported to be decreased following 

scopolamine injection in rats (Budzynska et al., 2015). Moreover, scopolamine produces 

similar memory impairments as observed in the older age (Ebert and Kirch, 1998). 
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Age-related oxidative stress and neuroinflammation are the main causative factors 

of cognitive decline and other degenerative diseases. Scientists have suggested the role of 

dietary nutrients in the prevention of various diseases associated with oxidative stress 

such as cardiovascular disease, cancer and neurodegenerative disorders (Everitt et al., 

2006). The nutritional composition of nuts, including almonds, recommends that they 

may reduce the risk of chronic diseases (Kris-Etherton et al., 2001). Nuts are energy 

loaded and nutrient dense plant dietary food, containing high unsaturated and low 

saturated fats. Almonds contain considerable amount of plant protein, vitamins including 

tocopherol, folate and choline, also having a reasonable amount of minerals such as 

calcium, magnesium, phosphorus, potassium and trace elements such as copper, selenium 

and zinc (USDA). These nuts also contain potentially neuroprotective polyphenolic 

compounds including morin, quercetin, quercitrin, kaempferol 3-O-rutinoside, 

isorhamnetin and isorhamnetin-3-O-glucoside which have been shown to have 

antioxidant properties (Wijeratne et al., 2006). These polyphenols such as quercetin have 

shown absorption at the gastric level in experiments in which absorption was restricted to 

the stomach in rats suggesting their bioavailability in vivo (Crespy et al., 2002). Both in 

vitro and in vivo studies have shown that polyphenols from chocolate (Waterhouse et al., 

1996), green tea (Yoshida et al., 1999) and red wine (Whitehead et al., 1995) can 

decrease the risk of cardiovascular diseases by increasing the plasma antioxidant capacity 

and inhibiting lipid peroxidation (Whitehead et al., 1995; Serafini et al., 1996; Serafini et 

al., 2003; Seeram et al., 2006). Torabian and coworkers in 2009 showed increased plasma 

polyphenol concentration, elevated total antioxidant capacity and reduced lipid 

peroxidation following acute consumption of almond rich meal in humans. Rapid 

elimination of metabolites of polyphenols from plasma has also been demonstrated which 

suggests the daily intake of plant products in order to maintain effective concentration of 

polyphenolic metabolites in blood. 

Almond administration for 7-28 days has been shown to improve memory 

performance in rats (Kulkarni et al., 2010). These nuts have also been demonstrated to 

reverse the scopolamine induced memory impairment probably by anti-cholinesterase, 

procholinergic and hypocholesterolemic activities (Kulkarni et al., 2010). Increased 

oxidative stress in animal model of scopolamine induced memory loss has been reported 
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earlier (Goverdhan et al., 2012). Considering the antioxidant profile of almonds, the 

present investigation is designed to determine the antioxidative cellular mechanisms 

following almond administration involved in neuronal function related to attenuation of 

cognitive impairment induced by scopolamine. Assessment of memory by PAT, lipid 

peroxidation and antioxidant enzyme activities are intended to be examined in the present 

study in order to uncover the possible antioxidative mechanism following almond 

administration. 

7.2. EXPERIMENTAL PROTOCOL 

Experimental protocol (Fig. 7.1) for this study was same as described in chapter 

7(A) with the exception that memory assessment was performed by PAT apparatus in 

terms of step through latency (described in chapter 2). Rats were decapitated immediately 

after behavioral tests to collect the brain samples. Oxidative status was determined in 

whole brain of rat. 

7.3. STATISTICAL ANALYSIS 

Results were reported as mean ± SEM. Data for the training and test sessions 

obtained from PAT (step-down latency) were analyzed by Bonferroni test following 

three-way (almond × scopolamine × sessions) ANOVA with repeated measure design. 

MDA levels and antioxidant enzyme activities were statistically estimated by two-way 

ANOVA with Tukey’s post hoc test to compare the different groups. Moreover, Pearson 

correlation test was used to determine the correlation of MDA levels with % memory 

retention and CAT activity. Values of p<0.05 were considered as a statistically significant 

difference. 

7.4. RESULTS  

7.4.1. Memory assessment by PAT  

The effects of long term administration of almond on step-down latency (Fig. 7.2) 

following scopolamine induced memory impairment analyzed by three-way ANOVA 

with repeated measure design revealed significant effect of almond administration 
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 [F(1,28)=278.51, p<0.01], scopolamine [F(1,28)=37.21, p<0.01], sessions 

[F(2,56)=470.02, p<0.01] and significant interactions of almond × sessions 

[F(2,56)=131.89, p<0.01] and scopolamine × sessions [F(2,56)=27.78, p<0.05]. Other 

interactions were statistically not significant. Post hoc test showed that administration of 

almond at the dose of 400 mg/kg for 28 days resulted in an increase in learning 

acquisition (p<0.01) and memory retention (p<0.01) as compared to controls. Learning 

acquisition (p<0.01) and memory retention (p<0.01) were also significantly increased as 

compared to training session and acquisition session respectively in almond treated rats. 

Scopolamine group exhibited impaired acquisition (p<0.01) as compared to control rats. 

Twenty-four hours after the training session, scopolamine injected rats showed 

significant increase (p<0.01) in step-down latency as compared to acquisition session this 

improvement may be due to the effect of repeated exposure to the same stimuli however 

compared to untreated controls they showed reduced memory performance (p<0.01). Pre-

administration of almond significantly prevented the scopolamine induced memory 

impairment as shown by significant increased step-down latency in Alm+Sco group as 

compared to controls. 

7.4.2. Oxidative status 

The effects of long term almond administration following scopolamine induced 

amnesia on MDA levels and antioxidant enzymes activities are shown in Fig. 7.3 and 7.4. 

Two-way ANOVA for MDA levels (Fig. 7.3) showed significant effect of almond 

administration [F(1,28)=44.79, p<0.01], scopolamine [F(1,28)=27.79, p<0.01] and a 

significant interaction of almond × scopolamine [F(1,28)=6.71, p<0.05]. Almond 

administered rats exhibited significantly (p<0.05) reduced lipid peroxidation (24.6%) as 

compared to untreated rats following Tukey’s post hoc test.  

Scopolamine significantly (p<0.01) induced oxidative stress as evident by 47.2% 

increase in MDA levels as compared to control rats. Whereas pretreatment with almond 

significantly (p<0.01) reduced lipid peroxidation in Alm+Sco group as compared to rats 

injected with scopolamine alone. The long term pre-administration of almond reduced 

MDA levels to about 38% in Alm+Sco rats.  
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Fig. 7.2. Effects of pre-administration of almond (400 mg/kg) in scopolamine induced memory 

impairment assessed by passive avoidance task as step-down latency (s). Values are means, 

with standard errors represented by vertical bars (n = 8). Significant differences by Bonferroni 

test: *p<0.05, **p<0.01 from respective control animals; ++p<0.01 from training phase values 

of similarly treated animals; ##p<0.01 from acquisition phase values of similarly treated 

animals, following three-way ANOVA repeated measure design. 
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Fig. 7.3. Effect of almond pre-administration following scopolamine induced amnesia on 

lipid peroxidation assessed as malondialdehyde levels (µM/g of brain tissue). Values are 

mean + SEM (n=8). Data was analyzed by Tukey’s test following two-way ANOVA. 

Statistical difference is represented as **p<0.05 versus respective saline control and 

+p<0.05, ++p<0.01 versus vehicle treated control groups. 
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Fig. 7.4. Effects of almond pre-administration (400 mg/kg) in scopolamine induced memory 

impairment on brain superoxide dismutase activity (U/g of brain tissue) (a), glutathione 

peroxidase activity (μmol/min/g of brain tissue) (b) and catalase activity (mmol/min/g of brain 

tissue) (c). Values are means, with standard errors represented by vertical bars (n = 8). Data was 

analyzed by Tukey’s test following two-way ANOVA. Statistical differences are represented as 

*p<0.05, **p<0.01 from saline treated controls and ++p<0.01 from water treated controls. 
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Fig. 7.4(a) shows the SOD activity under each treatment. Two-way ANOVA 

revealed  significant effect of almond administration [F(1,28)=5.53, p<0.05], 

scopolamine [F(1,28)=15.66, p<0.01] but a non-significant interaction of almond × 

scopolamine [F(1,28)=0.12, p>0.05]. It was observed that scopolamine administration 

significantly (p<0.05) reduced SOD activity (24%) as compared to controls following 

Tukey’s post hoc analysis. This scopolamine induced decreased SOD activity was 

normalized by pre-administration of almond in Alm+Sco group. In case of GPx activity 

(Fig. 7.4b) there was a significant effect of scopolamine injection [F(1,28)=10.66, 

p<0.01] but a non-significant effect of almond administration [F(1,28)=2.16, p>0.05] and 

a non-significant interaction of almond × scopolamine [F(1,28)=1.46, p>0.05] observed 

following two-way ANOVA. Post hoc analysis by Tukey’s test revealed 15.4% 

significant decrease (p<0.05) in GPx activity in rats injected with scopolamine alone than 

untreated rats. This reduced activity of GPx was not observed in Alm+Sco group. 

Data for brain CAT activity (Fig. 7.4c) was also analyzed by two-way ANOVA 

which showed significant effect of almond administration [F(1,28)=17.23, p<0.01] and a 

significant interaction of almond × scopolamine [F(1,28)=87.42, p<0.05] but a non-

significant effect of scopolamine [F(1,28)=15.66, p<0.01]. In the current study a 

significant decrease was also obtained in CAT activity by scopolamine injection. 

Scopolamine induced a 19.2% reduction in the activity which was p<0.01 significant as 

compared to controls. Rats administered with almond alone exhibited 12.7% significant 

decrease in CAT activity as compared to untreated rats suggesting its direct action on the 

enzyme activity. Administration of almond Alm+Sco group significantly increased the 

CAT activity by 41% as compared to scopolamine group. 

In order to determine the effect of almond on oxidative status, a correlation test 

was performed between MDA levels and % memory retention (Fig. 7.5a). Saline and 

scopolamine injected control rats exhibited a negative correlation of MDA levels with % 

memory retention (r= -0.595, p<0.05). Almond treated saline and scopolamine injected 

rats did not show this correlation between MDA levels with % memory retention (r= -

0.088, p>0.05). A negative co-relation between MDA levels and CAT activity (r= -0.758, 

p<0.01; Fig. 7.5b) was observed in saline and scopolamine injected control rats whereas a 
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positive correlation was observed in almond treated saline and scopolamine injected rats 

(r= 0.585, p<0.05).   

7.5. DISCUSSION 

In the present study we used almond at the dose of 400 mg/kg for 28 days 

followed by scopolamine injection and monitored memory performance in rats. PAT was 

used to assess the effects on memory acquisition (expression of memory immediately 

after training) and retention (expression of memory 24 h after training). The primary 

findings of the present study revealed significantly impaired memory acquisition and 

retention in rats injected with scopolamine as evident by significant reduction in step-

down latency as compared to controls, this suggests that the animals were unable to retain 

the memory of the aversive stimulus. The impaired memory performance was attenuated 

by 28 days pre-administration of almond in Alm+Sco group. These findings are 

consistent with the previously reported studies which showed improved memory 

following nuts consumption in aged rats (Willis et al., 2009a) as well as in scopolamine 

induced rat model of amnesia (Kulkarni et al., 2010). The impaired memory following 

scopolamine injection was accompanied by increased brain MDA levels as compared to 

controls. Reactive oxygen and nitrogen species are synthesized as a consequence of 

normal cellular metabolic reactions (McCord, 2000). These molecules have shown to be 

formed at a higher rate as a result of disease process such as dementia, cardiovascular 

disease, inflammation and from environmental pollutants, alcohol consumption, tobacco 

smoke and exposure to radiations. Antioxidant defense mechanism provides protection 

against reactive specie induced cellular damages by scavenging these free radicals 

(Pham-Huy et al., 2008). These mechanisms are diminished under condition of memory 

dysfunction such as Alzheimer’s disease leading to increased oxidative stress which may 

further worsen the disease condition (Massaad, 2011). Plant derived dietary nutrients 

including antioxidants such as tocopherol, polyphenols (present in almonds) are thought 

to provide protection against oxidative stress. It has been suggested that mixture of 

different antioxidant in naturally occurring plant products may provide promising 

potential to protect against free radical induced cellular oxidation (Commenges et al., 

2000; Engelhart et al., 2002; Morris et al., 2005). The non-enzymatic antioxidant when  
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reacts with reactive free 

Fig. 7.5. Pearson correlation test was used to identify the relationship of MDA levels with % 

memory retention (a) and catalase activity (a) in brain. Solid line and the values represent the 

correlation for water treated controls whereas dotted line and values represent correlation 

obtained for the almond (400 mg/kg) treated rats. 
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 reacts with reactive free radicals it converts into an antioxidant radical having reduced 

ability to react with vital cellular components. In this state still it can be harmful for the 

cell (Buettner, 1993). The antioxidant radical needs to react with another antioxidant to 

further decrease the reactivity until the antioxidant radical is no longer a threat to the cell. 

So it is likely that combination of antioxidants may act synergistically for proper 

protection of all the components of cell and thus cellular functions (Blomhoff, 2005). In 

the present study administration of almond for 28 days significantly reduced oxidative 

stress as reflected by decreased MDA levels in almond treated rats as compared to 

controls. These effects are in accordance with the previously reported reduced lipid 

peroxidation following almond consumption through diet (Torabian et al., 2009). 

Almonds contain considerable concentration of both nutrients and bioactive antioxidants. 

Flavonoid content of almonds is greater than walnuts and almonds (Harnly et al, 2006). It 

has been shown that consumption of various polyphenol-rich foods increased antioxidant 

capacity of plasma (Manach et al., 2004). The polyphenol content of almond such as 

quercitin have shown to interact with the polar head groups of phospholipids at the 

membrane surface by the formation of hydrogen bond that involves the hydroxyl groups 

of the polyphenols (Verstraeten et al., 2003). This adsorption of polyphenols probably 

limits the access of aqueous oxidants to the membrane surface and their initial attack on 

that surface thereby inhibiting the oxidative damage and reducing the lipid peroxidation 

(Manach et al., 2004). The reduced brain MDA levels in almond treated rats in the 

present study indicate inhibition of lipid peroxidation and reduced oxidative stress 

probably due to antioxidant nutrients present in almond. Increased plasma polyphenol 

concentration and increased total antioxidant capacity following consumption of almond 

in diet has been shown previously (Torabian et al., 2009). These effects were also 

observed in scopolamine injected rats pre-treated with almond suggesting attenuation of 

scopolamine induced oxidative stress. SOD, CAT and GPx activities were significantly 

reduced in scopolamine injected rats resulting in increased MDA levels as observed in 

our study. Reduced antioxidant enzyme activities are considered as the hallmark of age-

related cognitive decline (Haider et al., 2014; Haddadi et al., 2014). In this study MDA 

levels were also negatively correlated with memory retention and CAT activity in control 

saline and scopolamine injected rats further confirming the induction of oxidative stress 
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in these rats. Pre-administration of almond in saline and scopolamine injected rats 

exhibited non significant correlation between MDA levels and memory retention 

demonstrating attenuation of scopolamine induced oxidative stress. A direct correlation 

of MDA levels with CAT activity was also observed in almond treated rats which may be 

attributed to free radical scavenging property of antioxidant nutrients present in almond 

thereby reducing the lipid peroxidation, CAT activity and hence normalizing the SOD 

and GPx activities. 

7.6. CONCLUSION 

In summary, present study demonstrate the protective effects of almond against 

scopolamine induced amnesia and oxidative stress. Scopolamine has been shown to 

induce age-related amnesia. Increased oxidative stress is associated with memory 

dysfunction and use of functional foods having the antioxidant profile may delay or 

prevent the onset of age-related memory impairments. The present study therefore, 

highlights the use of almonds as a dietary source of various antioxidants before the 

progression of memory dysfunction induced by oxidative stress. Almonds are a 

combination of several vitamins and non-nutrient antioxidants, which may act 

synergistically to provide a wider range of antioxidant protection. The findings obtained 

from the present study provide further support to the existing recommendations of 

consumption of nuts as a part of daily diet for healthy brain. 
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CHAPTER 8 

Review of experimental findings 

Bioactive dietary components have influential and essential role in the 

maintenance of brain health and functioning. Many dietary nutrients are essential for the 

human health which cannot be synthesized endogenously and thus need to be obtained 

from food. Nuts are energy-rich foods that are particularly rich in essential constituents 

including essential amino acids, fatty acids, various vitamins and minerals. Results of the 

present study emphasize the significance of walnut and almond supplementation on brain 

function. Both nuts showed significant improvement in memory in a dose dependent 

manner (chapter 3). Walnuts and almonds are nutritional substances and it is likely that 

these nuts provide a variety of bioactive substances that exert multiple effects on 

neuronal system. The present study revealed differences in the possible biochemical 

pathway in memory enhancing effects following walnut and almond supplementation 

which are summarized in Fig. 8.1-8.4. It is evident in the current study that long-term 

walnut and almond supplementation enhances memory function and decreases food 

intake (chapter 4 and 5). As these nuts are rich source of essential amino acids including 

tryptophan therefore these findings suggest the role of increased brain 5-HT function in 

the memory enhancing and appetite decreasing effects following the long-term 

consumption. However, walnut supplementation showed more prominent effects on 

serotonergic function than almond which may be due difference in the composition of 

essential nutrients of these nuts such as along with tryptophan walnut also contain 

considerable amount of n-3 fatty acid which has demonstrated to increase serotonergic 

neurotransmission (Heinrichs, 2010; Vines et al., 2012; Patrick and Ames, 2015). 

Almond contains a small amount of n-3 fatty acid (refer to the Table 1.2). Melatonin is 

also reported to be present in walnut (Reiter et al., 2005) and increased activity of 

tryptophan hydroxylase (late limiting enzyme of 5-HT synthesis) and 5-HT 

neurotransmission following melatonin supplementation has been shown previously 

(Moranta et al., 2014; Esteban et al., 2010). 
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Fig. 8.1. Overall % memory performance under each treatment with respect to untreated 

controls observed in the present study.  

Fig. 8.2. % change in brain tryptophan and 5-HT with respect to controls, suggesting 

difference in the possible biochemical pathway in memory enhancing effects following 

walnut and almond supplementation. 
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Fig. 8.4. % change in brain MDA levels with respect to controls, suggesting difference in 

antioxidative potential of walnut and almond supplementation. 

Fig. 8.3. % change in brain acetylcholine levels with respect to controls, suggesting 

difference in the possible biochemical pathway in memory enhancing effects following 

walnut and almond supplementation. 
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The observations of present study reveal that long term intake of walnut and 

almond may have useful effects on learning and memory functions and therefore 

highlight the use of walnut and almond as a supplement to enhance cognitive functions. 

This finding raises other research questions whether these nuts are as beneficial in 

memory deficits as they are in healthy subjects and secondly is the cholinergic or any 

other mechanism involved in the memory enhancing effects. Findings shown in chapter 6 

and 7 of this study revealed that long-term walnut and almond pre-administration 

demonstrated the protective effects against scopolamine induced amnesia and oxidative 

stress. Scopolamine which is a muscarinic antagonist and has been shown to induce age 

related memory loss by reducing cholinergic functions and causing oxidative stress. In 

the present study both nuts showed enhanced cholinergic function however, almond 

administration had direct effects on acetylcholine levels in hippocampus and frontal 

cortex whereas, supplementation of walnut showed more antioxidative potential than 

almond and thus attenuted the scopolamine induced oxidative stress and cholinergic 

dysfunction. Walnuts contain 39 mg chloine (Table 1.2) with the total antioxidant 

concentration of 21 mmol per 100g of nuts (Blomhoff, 2005). Whereas 52 mg choline 

(Table 1.2) and 0.3 mmol antioxidant concentration is present in 100g of almonds. Thus 

the observed variation in present study may be attributed to the differences in the amount 

of constituents in nuts. Reduced acetylcholine content is associated with memory deficits 

and the use of essential nutrient such as choline in daily diet may delay or prevent the 

onset of memory impairment observed in old age. The present study therefore, 

emphasizes the use of almonds as dietary source of essential nutrients in the early age 

when the brain has high degree of neuronal plasticity and hence may have effective 

outcomes in late age related neurodegenerative disorders. Accumulating evidence 

supports the hypothesis that a combination of antioxidants may have successful outcomes 

against oxidative stress rather than the single antioxidant nutrient (Kesse-Guyot et al., 

2012; Summers et al., 2010). Walnuts and almonds contain multiple non-nutritive 

antioxidants which showed protective effects against scopolamine induced oxidative 

stress in this study and therefore suggest the importance of synergistic action of 

components present in these nuts. The use of walnut and almond as a dietary source of 

various essential components and non-nutrient antioxidants before the onset or 
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progression of oxidative stress induced amnesia is highlighted in this study. Moreover, 

walnut supplementation showed more prominent effects in memory enhancement in 

healthy and in amnesic rats suggesting preference of walnut supplementation on almonds. 

These findings further support the notion that consumption of nuts in daily diet 

may be beneficial for a healthy brain function. The suggested mechanisms following 

scopolamine induced amnesia and its attenuation by walnut and almond supplementations 

are given in Fig. 8.5-8.7. 
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Fig. 8.5. Schematic representation showing suggested mechanism of memory 

impairment following scopolamine administration. 
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Fig. 8.6. Schematic representation showing suggested mechanism of memory 

improvement following walnut administration. 

PUFAs 
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Fig. 8.7. Schematic representation showing suggested mechanism of memory 

improvement following almond administration. 
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Future prospects 

In this study improved memory functions following the supplementation of walnut and 

almond in animal model of amnesia were observed. It would be compelling to investigate 

the effects of consumption of nuts in the prevention and treatment of other 

neurodegenerative diseases and age-related brain disorders such as schizophrenia, 

Parkinson’s disease, epilepsy in which cognitive disability is one of the prominent 

feature. 

Pre-administration of nuts following amnesia was investigated in this study that suggests 

the preventive potential of these nuts. Investigation of post-administration of nuts 

followed by amnesia is also important to determine their potential to cure or delay the 

progression of age-related memory loss.     

This study revealed improved memory function following the supplementation of walnut 

and almond in scopolamine induced amnesia, which partially mimics the age-associated 

memory loss. It would be interesting to investigate the effects of supplementation of nuts 

in amyloid-β induced animal model which exhibit much more similar characteristics of 

Alzheimer’s disease.    

Effects of whole walnut and almond, that contain multiple components, were assessed in 

this study. Extracts of these nuts are expected to provide more prominent effects against 

age-related memory dysfunction in future studies. 

Walnut and almond contain multitude of compounds which may offer various 

mechanisms behind the cognitive improvement. Further research will help to identify 

other possible mechanism of action. For example, use of agonist and/or antagonist for 

serotonergic and cholinergic system will provide further insight in the neurochemistry of 

nuts induced improved memory. 

It has been suggested that phosphorylated CREB and BDNF could be involved in 

memory enhancing effects of nuts. Therefore, it would also be important to conduct the 

studies at molecular level following the consumption of nuts in rats. 
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Implications 

This study highlights the fact that consumption of nuts enhances healthy brain function 

and memory performance favorably by providing essential nutrients. Brain is a complex 

organ with high metabolic rate and high turnover of nutrients hence, it requires optimal 

nutrient intake. Therefore, the present findings can be implicated in the maintenance of 

brain health following regular nuts intake.  

The decrease in food intake following nuts administration in the present study suggest 

that the use of walnut and almond may have implication in the treatment of overweight 

and obesity in humans and thus may reduce the risk of cardiovascular diseases. 

Oxidative stress is the common phenomenon in neuronal system even in the absence of 

neurodegenerative disease. Since nuts contain vital plant derived antioxidants, so it is 

likely that these nuts may provide help to maintain the redox balance in brain and may 

reduce the risk of oxidative stress induced neurodegeneration. 

Age-related decrease in neurotransmission and increased oxidative stress and 

inflammation may lead to neurodegeneration, memory dysfunction and decreased life 

span. In such neurodegenerative diseases, which cannot currently be cured, preventive 

approaches in early life may provide protection against cognitive disabilities in older age. 

Thus the dietary intervention of nuts in younger age may have more potential to combat 

the age-related decrement in neurotransmission and may reduce oxidative stress and 

inflammation observed in later stages of life.     

Food fortification offers one of the most cost-effective and sustainable approaches to 

reduce micronutrient malnutrition. Walnuts, almonds and also the other nuts can be used 

by food manufacturer as the source of essential micronutrients to improve the nutritional 

value of stable foods.  
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Abstract Walnut has been regarded as a health food that is
delicious and nutritious. Both preventive and therapeutic
effects of walnut are well documented. Walnuts are rich in
omega-3 fatty acids that are reported to have beneficial
effects on brain function. The present work was designed
to evaluate the effects of walnuts on learning and memory
in male rats. The effect of oral intake of walnut was also
monitored on food intake. Walnut was given orally to rats for
a period of 28 days. Memory function in rats was assessed
by elevated plus maze (EPM) and radial arm maze (RAM).
A significant improvement in learning and memory of
walnut treated rats compared to controls was observed.
Walnut treated rats also exhibited a significant decrease in
food intake while the change in growth rate (in terms of
percentage) remained comparable between the two groups.
Analysis of brain monoamines exhibited enhanced seroto-
nergic levels in rat brain following oral intake of walnuts.
The findings suggest that walnut may exert its hypophagic
and nootropic actions via an enhancement of brain 5-HT
metabolism.

Keywords Elevated plus maze . Hypophagic action .

Nootropic substance . Radial arm maze . Serotonin .Walnut

Abbreviations
5-HT 5-hydroxy tryptamine
5-HIAA 5-hydroxy indole acetic acid
ALA Alpha linolenic acid
EPA Eicosapentaenoic acid
EPM Elevated plus maze
HPLC-EC High performance liquid chromatography

with electrochemical detection
LA Linoleic acid
RAM Radial arm maze
TRP Tryptophan

Introduction

Memory is the process by which a learning experience
is maintained over time. A single memory can be
recalled several times by presenting a proper stimulus
[1]. Research shows that the central nervous system is
affected by various foods, including fruits, vegetables and
nuts [2, 3]. Nuts are highly nutritious and are a complex
food composed of a number of nutrients and phytochem-
icals [4]. Most of the nuts have a good protein content
(in the 10-30% range) [5]. According to the US department
of Agriculture Nutrient Database, walnuts have a high
protein content (26.1 g/100 g of raw walnut) and the
tryptophan (TRP) content of this nut is about 24 mg/g of
protein [6]. Walnut is also enriched with omega-3 fatty
acid, which is an essential fatty acid, approximately 100 g
of walnut contain 9 g of omega-3 fatty acid [7]. Both TRP [8]

S. Haider (*) : Z. Batool : S. Tabassum : T. Perveen :
S. Saleem : F. Naqvi :H. Javed :D. J. Haleem
Neurochemistry and Biochemical Neuropharmacology Research
Unit, Department of Biochemistry, University of Karachi,
Karachi 75270, Pakistan
e-mail: saida-h1@hotmail.com

Plant Foods Hum Nutr (2011) 66:335–340
DOI 10.1007/s11130-011-0260-2



and omega-3 fatty acids [9, 10] are reported to be involved in
memory improvement process.

TRP is an essential amino acid and its source is dietary
only. Increased brain TRP availability has been shown to
increase brain serotonin (5-hydroxy tryptamine; 5HT) syn-
thesis [11, 12]. It has been well documented that 5-HT has an
important role in memory function [13, 14]. Decreased 5-HT
is involved in impaired memory function, as found previ-
ously, the continued use of methamphetamine, which
selectively destroys central 5-HT axons and axon terminals,
results in an impairment of memory [15]. Some studies also
revealed that TRP depletion can impair memory [16, 17].
Collectively these data indicated that pharmacological
manipulation of 5-HT receptors or reuptake sites might
modulate memory consolidation [18].

Traditional use of walnuts as a nootropic substance is
well established. Walnuts are a rich source of a number of
significant nutrients that seem to have constructive effects
on human health [19]. Hence, in this study an attempt was
made to investigate the effects of walnuts on memory
function. The study was further aimed to investigate the
neurochemical pathways involved in the enhancement of
memory by walnuts, which are rich source of serotonin
precursor TRP an essential amino acid taken through diet.
The role of 5-HT is well established in learning and
memory [13]. This research work was performed using
male rats as the use of animals has enabled an exploration
of the cellular mechanisms behind nutrition-related cognitive
improvement [20].

Materials and Methods

Animals

Locally bred male Albino Wistar rats weighing 180–200 g
were used for the experiment. Animals were caged individ-
ually in plastic cages with free access to cubes of standard
rodent diet and tap water for 3 days before starting the
experiment. Body weight and food intake of all rats were
monitored in both pre and post experimental period.

Experimental Protocol

80 mg walnut [7] was finely crushed and prepared as
suspension in deionized water, which was orally adminis-
tered to the rats in a volume of 1 ml.

In the beginning of the experiment animals were divided
into two groups, control and test. Rats were given standard
rodent diet and water throughout the experiment. Fresh
walnut suspension was prepared daily. Body weight and
food intake of all rats were monitored. Control rats were
given deionized water and test rats were given walnut

suspension orally with the help of a feeding tube. This
treatment was continued for 28 days.

After 28 days of administration, memory analysis was
performed and rats were decapitated. Brain samples of both
groups were stored at −70 °C. All experiments were
conducted after the approval taken from Local Animal Care
Ethical Committee.

Memory Function Test by Elevated Plus Maze (EPM)

EPM was used as a behavioral model to evaluate memory
in rats. The apparatus used in the present study consisted of
two open arms (50×10 cm) crossed with two closed arms
of the same dimensions with 40 cm height walls. The open
and closed arms were connected with a central square
(5×5 cm) to give the apparatus a plus sign appearance.
The plus maze was elevated 60 cm above the floor. The
procedure and technique was essentially the same as
reported by other researchers [21–23] with some modifica-
tions [24]. Previously, researchers have recorded the transfer
latency by placing the rat at the end of an open arm. In the
present study the rat was placed in the central area and the
time spent in the open arm was recorded. The total cut off time
was 5 min (test sessions). The test is based on the idea that rat
aquires information about the spatial environment during the
EPM test. Therefore, repeated testing on the EPM provides an
index of acquisition and retention as the rat learns where it
could be safe on the maze. In the present study memory was
measured by the degree to which the rat remembers and
avoids the elevated and unenclosed arms of the maze and
prefers to stay in the closed arms.

The test comprised for three days, the first day was
considered as training session. In this session each rat was
given 10min to explore the EPM and then returned to the home
cages. 2nd and 3rd day were considered as test sessions during
which cut off time was 5 min. A significant decrease in time
spent in open arm on subsequent plus maze exposure was taken
as an index of successful memory retention. Total time spent in
the open arm measured in the first day served as an index of
learning and acquisition, whereas in the 2nd day it served as an
index of retention of learned task (memory) and in the 3rd day
further served as the index of consolidation of memory. The
relative location of plus maze with respect to any object serving
as a visual cue in laboratory to the animals was not changed.

Memory Function Test by Radial Arm Maze (RAM)

Testing of the cognitive function was also performed in an
eight arm radial maze. This procedure tests spatial working
memory and assesses the integrity of the frontal cortex and
hippocampus. The maze utilized in this research study
consisted of a central platform (32 cm in diameter), which
served as a starting base communicating with eight arms of
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equal length (58 cm) and width (12 cm) distributed radially,
and each arm with 38 cm high plastic walls. A small plastic
receptacle was placed 5 cm from the end of each arm to
hold the food out of view from the center of the maze. The
apparatus was mounted on a table (58 cm off the ground).
No special means to dispel the effect of smell was provided
because in radial maze vision is more important than
smell. The maze was placed in the laboratory where extra
maze cues were there to facilitate learning. To ensure
motivated performance, rats were food-restricted to 50%
for one week before subjecting them to the RAM test but
had free access to water in the home cage. The method
was essentially the same as that described by Neese et al.
[25] with slight modifications [26]. RAM testing consisted
of three phases.

Habituation

Rats were given 20 min habituation trial on the 1st day with
free access to all arms, one of which was baited with a hidden
food reward. During habituation trial, rats freely visited each
arm as many times as they like. These were neither counted
nor recorded.

Training

Seven arms of the maze were blocked allowing access to only
one arm. Food reward was placed at small intervals along the
arm in order to attract the rat to the end of the arm. Once the rat
reached the end of the arm, the rat was returned to the central
platform and the arm was rebaited in order to continue the
training procedure. At the end of 15 min food rewards were
only placed at the end of the arm to train the rat to run to the
end of the arm to receive the reward.

Testing

The same arm that was baited with food during the training
period was again baited with food during the testing
session. The rest of the seven arms were also unblocked
and rats had free access to all arms. Each rat was given
5 min to enter the arm, which was baited with food reward.
The time elapsed before the rat entered the baited arm was
recorded in the testing session.

HPLC-EC Analysis

At the end of the experiment animals were decapitated
using guillotine. Brain was removed immediately and
stored at −70 °C for the determination of TRP, 5-HT and
5-HIAA by HPLC-EC as described earlier [27]. A 5-II
Shim-pack octadecylsilane separation column of 4.0 mm
internal diameter and 150 mm length was used. Separation

was achieved by a mobile phase containing methanol
(14%), octyl sodium sulfate (0.023%) and ethylenediami-
netetraacetic acid (0.0035%) in 0.1 M phosphate buffer at
pH 2.9 on Schimadzu electro chemical 6A detector at an
operating potential of 0.8 V for biogenic amines and 1.0 V
for TRP.

Statistical Analysis

The behavioral and neurochemical data were analyzed by
Student’s t-test. P values <0.05 were considered significant.

Results

Food Intake and Body Weight

Tables 1 and 2 show the effects of walnut administration on
weekly change in body weight (in terms of percentage) and
food intake of rats respectively during the four weeks. The
food intake of walnut treated rats were significantly lower
compared to control. No significant differences were found on
weekly growth rate of walnut treated rats.

Memory Assessment by EPM

Figure 1 shows the effect of long term intake of walnut on
memory by EPM in male rats. Data analyzed by Student’s
t-test revealed a significant (p<0.01) improvement in
learning process in the first day between control and test
groups. A significant enhancement in retention of learned
task (consolidation of memory) was observed on 2nd day
(p<0.05) and on 3rd day (p<0.01) following walnut
administration in rats.

Memory Assessment by RAM

Figure 2 shows the effect of long term intake of walnut on
memory by RAM in male rats. Data analyzed by Student’s

Table 1 Effects of walnut administration on weekly change in body
weight of rats in terms of percentage

Control (%) Test (%) % Change

Pretreatment 102.24±12.57 98.51±3.56 3.73

1st week 110.98±13.85 101.67±1.96 9.31

2nd week 113.57±14.97 104.36±2.55 9.21

3rd week 116.32±14.84 108.01±2.83 8.31

4th week 119.01±15.3 110.07±4.53 8.94

Values are mean±SD (n=6) non significant difference by Student’s t-test
with respect to controls.% change is the difference between control and
test groups
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t-test revealed a significant increase (p<0.01) in memory
function following walnut administration in rats.

Neurochemical Estimations

Figures 3, 4 and 5 show the effects of long term intake of
walnut on brain TRP, 5-HT and 5-HIAA levels, respectively,
in male rats. Data analyzed by Student’s t-test revealed a
significant increase in brain TRP (p<0.01), brain 5-HT
(p<0.01) and brain 5-HIAA (p<0.05) following walnut
administration in rats.

Discussion

The main goal of this study was to examine the effects of long
term administration of walnut on memory function. Results of
the EPM and RAM showed that walnut treated rats exhibited
enhanced memory function, as there was a gradual and
significant decrease in time spent in open arm of EPM on
repeated exposures (Fig. 1) and in case of RAM, there was a
significant decrease in time elapsed before the rat entered the
baited arm (Fig. 2). The present findings are in agreement
with the previous studies as it has been previously hypoth-

esized and reported that consumption of walnut increases
memory and influences the cognitive abilities [7].

The data shown here demonstrates that long term
administration of walnut significantly increased the whole
brain serotonin metabolism as brain TRP, 5-HT and 5-
HIAA concentrations were significantly increased follow-
ing long term intake of walnut (Figs. 3, 4 and 5). The
improved memory function exhibited by walnut treated
rats in EPM and RAM may be attributed to the
increased 5-HT metabolism. Walnut is rich in trypto-
phan (2-3%), precursor of 5-HT. The tryptophan content
of walnut may be involved in this enhancement of
memory by increasing the brain serotonergic content in rats
following oral intake of walnuts. It has been previously
reported from our lab that long term TRP administration
increases 5HT metabolism and enhances cognitive perfor-
mance in rats [8, 28].

Beside the protein content, most of the nuts also contain
a great amount of fat (e.g., Brazil nut 65%, pecan 70%,
macademia nut 66%, almonds 55%, walnut 60%, and
peanut butter 55%) [5]. The dietary fat content provides
essential fatty acids to the nervous system as most of the
fatty acids that are present in neuronal membranes are
essential fatty acids [29]. Poly-unsaturated fatty acids,

Fig. 2 Effects of oral intake of walnut for four weeks on memory
retention in rats assessed by radial arm maze. Walnut was administered at
the dose of 80 mg per rat daily. Values are mean±SD (n=6) significant
differences by Student’s t-test **p<0.01 with respect to controls

Fig. 1 Effects of oral intake of walnut for four weeks onmemory retention
in rats assessed by elevated plus maze.Walnut was administered at the dose
of 80 mg per rat daily. Values are mean±SD (n=6) significant differences
by Student’s t-test *p<0.05 and **p<0.01 with respect to controls

Table 2 Effects of walnut administration on weekly food intake of rats

CONTROL (g) TEST (g) % DECREASE

Pretreatment 90.45+7.75 85.01±8.5 6.01%

1st week 72.53±6.48 61.78±6.84* 14.82%

2nd week 81.72±6.21 64.78±7.07** 20.72%

3rd week 97.52±10.75 67.84±9.01** 30.43%

4th week 85.83±8.63 48.3±9.08** 43.72%

Values are mean±SD (n=6) significant differences by Student’s t-test *p<0.05 and **p<0.01 with respect to controls % decrease is the difference
between control and test group during the week in terms of percentage
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omega-6 (linoleic acid; LA) and omega-3 (alpha linolenic
acid; ALA) are found to be involved in memory enhancement.
It has been shown that consuming mono-unsaturated and
poly-unsaturated fatty acids attenuated cognitive decline in
animals [9] and in humans [10]. According to the US
department of Agriculture Nutrient Database, 100 g walnut
contain approximately 38 g of LA and 9 g of ALA [7].

ALA is metabolized to either eicosapentaenoic acid
(EPA) or docosapentaenoic acid. EPA has been found to
improve the memory by increasing the serotonergic
function [30]. Thus, the increased brain 5-HT levels and
improved memory performance following long term walnut
intake may also be attributed to the omega-3 fatty acid content
of walnut.

Walnuts are food rich in fat and in general are avoided
by people having a tendency of weight gain, but evidences
show that nuts do not cause weight gain [31]. Results of the
present study revealed that after long term walnut admin-
istration the body weight remained unchanged (Table 1)
while the food intake significantly decreased (Table 2). The

significant decrease in food intake indicates that if walnuts
were administrated for longer period of time then a
decreased in body weight might have been observed. The
decrease in food intake may be attributed to increase in
serotonin metabolism as 5-HT has been reported to play an
important role in the inhibitory influence on feeding
behavior and body weight [32]. Although walnuts are rich
in calories and fatty acids in which majority are essential
fatty acids, it has been shown that essential fatty acids do
not cause an increase in body weight [33]. It is possible that
small amounts of walnut intake may quickly satisfy the
appetite and may decrease the food intake. In this regard
further research is needed before regular intake of walnuts
may be recommended to the subjects interested in retaining or
losing weight along with the control of total energy intake.

Conclusions

The present findings demonstrate that the long term intake
of walnut may be highly beneficial as it enhances memory
function and decreases food intake. As walnuts are rich
source of tryptophan, an essential amino acid, the findings
suggest that increase in brain 5-HT function may be
involved in the memory enhancing and appetite decreasing
effects. The decrease in food intake following walnut
administration in the present study suggests that the use of
walnuts may have implication in the treatment of overweight
and obesity in humans. Walnuts possess a significant
nootropic action, the present findings therefore suggest that
long term walnut intake may have a significant facilitatory
effects on learning andmemory processes. These findings also
emphasize the use of walnut as a supplement in learning and
memory deficits.

Acknowledgement The authors are thankful to the University of
Karachi, Pakistan for funding this project.

Fig. 5 Effects of oral intake of walnut for four weeks on brain
5-HIAA levels. 5-HIAA was measured by HPLC-EC method. Values
are mean±SD (n=6) significant differences by Student’s t-test *p<0.05
with respect to controls

Fig. 4 Effects of oral intake of walnut for four weeks on brain 5-HT
levels. 5-HT was measured by HPLC-EC method. Values are mean±
SD (n=6) significant differences by Student’s t-test **p<0.01 with
respect to controls

Fig. 3 Effects of oral intake of walnut for four weeks on brain
tryptophan levels. Tryptophan was measured by HPLC-EC method.
Values are mean±SD (n=6) significant differences by Student’s t-test
**p<0.01 with respect to controls
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EFECTOS NOOTRÓFICOS E HIPOFÁGICOS
DEL CONSUMO PROLONGADO DE ALMENDRAS

(PRUNUS AMYGDALUS) EN RATAS

Resumen

Introducción: De un tiempo a esta parte, los investiga-
dores se han interesado cada vez más en encontrar el
potencial de diversos alimentos para mantener la salud en
general y tratar la enfermedad. Las almendras son una
muy buen fuente de muchos nutrientes que pueden ayu-
dar a agudizar la memoria y reducir los factores de riesgo
cardiovascular. 

Objetivo: Este estudio se realizó para evaluar los efectos
nootróficos de la almendra. También se monitoreó el efecto
de la ingestión oral de almendra sobre el consumo de ali-
mentos y las concentraciones plasmáticas de colesterol. 

Métodos: Se suministró a las ratas pasta de almendra
por vía oral con la ayuda de una sonda de alimentación
durante 28 días. Se evaluó la función de memoria de las
ratas mediante Elevated Plus Maze (EPM) y Radial Arm
Maze (RAM). Se estimaron el triptófano cerebral, la 5-
HT y el 5-HIAA al final del tratamiento mediante un
método de HPLC-EC. 

Resultados: Se observó una mejoría significativa en el
aprendizaje y la memoria en las ratas tratadas con almen-
dra en comparación con los controles. Las ratas tratadas
con almendra también mostraron una reducción signifi-
cativa del consumo de alimentos y de las concentraciones
plasmáticas de colesterol, mientras que el cambio en la
tasa de crecimiento (en términos de porcentaje) siguió
siendo comparable entre ambos grupos. El análisis de las
monomaninas y de triptófano cerebral mostró unas con-
centraciones superiores de triptófano y del recambio
serotoninérgico del cerebro de la rata tras el consumo de
almendras. 

Conclusión: los hallazgos sugieren que las almendras
poseen unos efectos hipofágicos y nootróficos significati-
vos. Los resultados se debaten en el contexto del metabo-
lismo mejorado de la 5-HT tras la administración de
almendras.

(Nutr Hosp. 2012;27:2109-2115)
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Abstract

Introduction: Over a period of time researchers have
become more interested in finding out the potential of
various foods to maintain the general health and to treat
diseases. Almonds are a very good source of many nutri-
ents which may help to sharpen the memory and to
reduce cardiovascular risk factors. 

Objective: The present study was conducted to evaluate
the nootropic effects of almonds. Effect of oral intake of
almond was also monitored on food intake and plasma
cholesterol levels. 

Methods: Rats were given almond paste orally with the
help of feeding tube for 28 days. Memory function in rats
was assessed by Elevated Plus Maze (EPM) and Radial
Arm Maze (RAM). Brain tryptophan, 5-HT and 5-HIAA
were estimated at the end of the treatment by HPLC-EC
method.

Results: A significant improvement in learning and
memory of almond treated rats compared to controls was
observed. Almond treated rats also exhibited a significant
decrease in food intake and plasma cholesterol levels
while the change in growth rate (in terms of percentage)
remained comparable between the two groups. Analysis
of brain tryptophan (TRP) monoamines exhibited
enhanced TRP levels and serotonergic turnover in rat
brain following oral intake of almonds.

Conclusion: The findings show that almonds possess
significant hypophagic and nootropic effects. Results are
discussed in context of enhanced 5-HT metabolism
following almond administration.

(Nutr Hosp. 2012;27:2109-2115)
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Abbreviations

5-HIAA: 5-hydroxy indole acetic acid.
5-HT: 5-hydroxy tryptamine.
CVD: Cardiovascular disease.
EPM: Elevated plus maze.
HPLC-EC: High performance liquid chromato -

graphy with electrochemical detection.
PUFAs: Polyunsaturated fatty acids.
RAM: Radial arm maze.
TRP: Tryptophan.

Introduction

Diet plays an influential role in the maintenance of
general health as well as in the prevention and treat-
ment of diseases. Memory loss1 and obesity2 are two of
the prevalent diseases throughout the world. With the
passage of time there is increased trend to maintain
general health through diet. Various foods including
tree nuts have been shown to affect central nervous
system,3 enhance learning, memory and intelligence.4

Memory formation is the complex process and
involves various neurotransmitters and neuronal path-
ways.5 It is well established that serotonergic system
has an important role in memory function.6 Tryptophan
(TRP), the precursor of serotonin (5-hydroxy trypta-
mine; 5HT) and an essential amino acid, has also been
shown to increase learning and memory.7,8 Source of
TRP is dietary only and increased brain TRP avail-
ability has been revealed to increase brain serotonin
synthesis.9

Obesity and being overweight are linked to reduce
quality of life, greater morbidity10 and mortality.11

Elevated cholesterol as a result of obesity is one of the
risk factor for cardiovascular diseases (CVD).12 Nuts
are high-fat, energy rich foods (e.g. pecan 70%,
macadamia nut 66%, Brazil nut 65%, walnut 60%,
almonds 55%),13 so it is logical that frequent consump-
tion of nuts may lead to increased cholesterol and
weight gain and, consequently, increase the risk of
cardiovascular disease and many chronic diseases. But
prior studies did not show any adverse effect of nut
consumption on energy balance or body weight. 14 In
fact, a growing body of evidence indicates that eating
nuts on the regular basis may be linked to decreased
weight gain as well as cholesterol levels in various
human populations. 15-17

Nuts are energy-dense and nutrients loaded foods.
Walnuts and almonds both have been used as a
nootropic substance from time immemorial. To
experimentally show this we previously analyzed the
walnut.18 The findings tempted us to investigate the
effects of almonds on learning and memory functions.
These nuts contain a wide variety of bioactive
compounds that seem to have constructive effects on
human health.19 According to US department of Agri-
culture Nutrient Database, almonds have a high

protein content (21.22 g/100 g of raw almond) and the
TRP content of this nut is about 214 mg/100 g of
almond. These nuts provide 5.75 kcal/g of energy and
are low in saturated fat (< 8% of total fats) but rich in
unsaturated fats (92% of total fats), mainly of which
are monounsaturated (66.15%). Almonds are one of
the most important source of plant protein, and good
source of dietary fiber, minerals, antioxidants, vita-
mins and numerous bioactive substances, such as
phytosterols and flavonoids. These nutrients may
possess health benefits by producing synergistic
effects and/or interactions with each other. Hence this
study was intended to investigate the neurochemical
pathways involved in the enhancement of memory by
these nutritious nuts. The study was further aimed to
examine food intake, body weight and plasma choles-
terol levels following long term administration of
almonds in rats.

Material and methods

Animals 

The Animal Care Ethical Committee of the Univer-
sity had approved this investigation. Locally bred male
Albino Wistar rats with mean weight 200 g were used
for the experiment. Animals were caged individually in
plastic cages with cubes of standard rodent diet and tap
water ad libitum for 3 days before starting the experi-
ment. Body weight and food intake of all rats were
monitored during the experimental period.

Experimental protocol

Shelled almonds of best quality were purchased
from the local super market which were then peeled,
finely crushed and refrigerated in air tight bottle. 80
mg20 finely crushed almond was prepared as suspen-
sion in deionized water which was then orally adminis-
tered to the rats.

In the beginning of experiment animals were divided
into two groups, control and test. Rats were given stan-
dard rodent diet and water throughout the experiment.
Fresh almond suspension was prepared daily. Body
weight and food intake of all rats were monitored.
Control rats (n = 6) were given deionized water and test
rats (n = 6) were given almond suspension orally with
the help of feeding tube. This treatment was continued
for 28 days. 

Food intake and body weight were monitored till
almond administration. After 28 days of administra-
tion, memory test was performed and rats were decapi-
tated. Brain and plasma samples of both groups were
stored at -70o C. Tests were conducted in a noise-free
environment between 9:00-13:00 hrs. Memory assess-
ment by RAM was carried out after performing EPM
test.
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Memory function test by Elevated Plus Maze (EPM)

EPM was used as a behavioral model to evaluate
memory in rats. The apparatus constructed of Perspex
plastic with 4 arms of 50 × 10 cm area. The two enclosed
arms had side walls of 40 cm high. The open and closed
arms were connected with a central square (5 × 5 cm) to
give the apparatus a plus sign appearance. The whole
maze was raised 60 cm above the floor. The maze was
placed in the same position throughout the test in labora-
tory where extra maze cues were there to facilitate
learning. The procedure and technique was same as
reported earlier by Haider et al.18 Briefly, the test
comprised of three days, first day was training session
while the next two days were considered as test sessions.
In the training session each rat was placed in the central
square and allowed to explore the EPM for 10 min and
then returned to the home cages. During test sessions cut
off time was 5 min and time spent in open arm was
recorded. A significant decrease in time spent in open
arm on subsequent EPM exposure was taken as an index
of successful memory retention. This is based on the idea
that during repeating testing on EPM rat acquires infor-
mation about the spatial environment and avoids the
elevated and open arms of the maze and prefers to stay in
the closed arms where it could be safe on the maze. Total
time spent in the open arm measured on the first day
served as an index of learning and acquisition, whereas
on the 2nd day it served as an index of retention of
learned task (memory) and on the 3rd day further served as
the index of consolidation of memory. Memory was
measured by the degree to which the rat remembers and
avoids the elevated and unenclosed arms of the maze and
prefers to stay in the closed arms.

Memory function test by Radial Arm Maze (RAM) 

Spatial working memory testing using eight arm radial
maze task was also conducted as described by Neese et
al.21 with slight modifications.22 The maze utilized in this
research study consisted of a central platform, 32 cm in
diameter, with 8 arms of equal length (58 cm) and width
(12 cm) extending radially. Each arm had side walls of 38
cm high. The apparatus was mounted on a table so that it
was 58 cm off the ground. Rats were freely allowed to
visit all arms to get the food reward, which was placed
near the end of one of the arm in a small plastic recep-
tacle, this was habituation phase for 20 min. After 24 hrs,
training was performed, during this phase all arms were
blocked except one which was baited with food at small
intervals in order to attract the rat to the end of the arm.
Once the rat reached the end of the arm, the rat was
returned to the central platform and the arm was rebaited
in order to continue the training procedure. The training
was continued for 15 min. At the end of 15 min food
rewards were only placed at the end of the arm to train the
rat to run to end of the arm to receive the reward. The test
session was performed after 24 hrs of training, during

which the same arm was again baited with food and rest
of the arms were also unblocked, rats had free access to
all arms. The total cut off time was 5 min and the time
elapsed before the rat entered the baited arm was
recorded. Throughout the experiment, care had to be
taken that the relative position of maze with respect to
any object serving as visual cues in laboratory was not
changed. To motivate the performance, rats were food-
restricted to 50% for 1 week before subjecting them to the
RAM test but had free access to water. 

Plasma cholesterol estimation

Plasma cholesterol was estimated by standard labo-
ratory method.

HPLC-EC analysis

At the end of the experiment animals were decapi-
tated using guillotine. Brain was removed immediately
and stored at -70oC for the determination of TRP, 5-HT
and 5-HIAA by HPLC-EC as described earlier.23 A 5-II
Shim-Pack octadecylsilane separation column of 4.0
mm internal diameter and 150mm length was used.
Separation was achieved by a mobile phase containing
methanol (14%), octyl sodium sulfate (0.023%) and
ethylenediaminetetraaceticacid (0.0035%) in 0.1 M
phosphate buffer at pH 2.9, on Schimadzu LEC 6A
detector at an operating potential of 0.8 volts for
biogenic amines and 1.0 volts for TRP.

Statistical analysis

The behavioral and neurochemical data were
analyzed by Student’s t-test. P values < 0.05 were
considered significant.

Results

Food intake and body weight

Weekly growth rate and food intake of rats following
the administration of almond for 4 weeks are shown in
figures 1 and 2 respectively. Test groups exhibited no
differences in growth rate during the course of the
study. However, there were differences in food intake,
with the test group eating significantly less than the
control group. Caloric intake data during the 4 weeks is
summarized in table I.

Memory testing

The memory function for control and test groups
following long term intake of almond measured by

Nootropic and hypophagic effects

following long term intake of almonds

(Prunus amygdalus) in rats
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EPM (fig. 3) as time spent in open arm in terms of
percentage. Data analyzed by Student’s t-test did not
reveal significant difference on the first day, however,
there was significant decrease in % time spent in open
arm on subsequent exposure on 2nd day (P < 0.01) and
3rd day (P < 0.01) following almond administration in
rats. This observed fact taken as successful memory
retention, since repeated testing on the EPM provides

an index of acquisition and retention as the rat learned
where it could be safe on the maze.

Spatial working memory was also observed during
RAM testing following almond administration for 4
weeks (fig. 4). When data was analyzed by Student’s

2112 S. Haider et al.Nutr Hosp. 2012;27(6):2109-2115

Fig. 1.—Effects of oral intake of almond for 28 days on weekly
change in body weight in terms of percentage. Values are mean
± SD (n = 6) non significant difference by Student’s t-test with
respect to controls.

160

140

120

100

80

60

40

20

0

W
ee

kl
y c

ha
ng

e i
n 

bo
dy

 w
eig

ht
 in

 te
rm

s 
of

 p
er

ce
nt

ag
e

Pretreatment 1st

week
2nd

week
3rd

week
4th

week

Control

Test

**

Fig. 4.—Effects of oral intake of almond for 28 days on memory
function in rats assessed by Radial Arm Maze. Values are mean
± SD (n = 6) significant differences by Student’s t-test **p <
0.01 with respect to controls. The decrease in time elapsed be-
fore the rat entered the baited arm between the control and test
groups is expressed in terms of percentage.
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Fig. 2.—Effects of oral intake of almond for 28 days on weekly
change in food intake. Values are mean ± SD (n = 6) significant
differences by Student’s t-test *p < 0.05 and **p < 0.01 with
respect to controls.
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Fig. 3.—Effects of oral intake of almond for 28 days on memory
function in rats assessed by Elevated Plus Maze. 1st day is trai-
ning session while 2nd and 3rd days are test sessions. Values
are mean ± SD (n = 6) significant differences by Student’s t-test
**p < 0.01 with respect to controls. The decrease in % time
spent in open arm between the control and test groups is ex-
pressed in terms of percentage.
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Table I
Effects of almond administration on weekly caloric intake of rats

Control (kcal) Test (kcal) % decrease

Pretreatment 440.29 ± 40.05 388.62 ± 42.74 11.7%

1st week 423.89 ± 68.07 338.37 ± 68.88 20.17%

2nd week 389.82 ± 37.05 298.05 ± 21.36 ** 23.54%

3rd week 354.78 ± 30.17 248.88 ± 18.9 ** 29.84%

4th week 359.79 ± 42.6 196.68 ± 20.74 ** 45.33%

Values are mean ± SD (n = 6) significant differences by Student’s t-test **p < 0.01 with respect to controls. % decrease is the difference between

control and test group during the week in terms of percentage.
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t-test, a significant increase (P < 0.01) in memory func-
tion was observed as the time elapsed before the rat
entered into baited arm was revealed significantly
lower in test group than the control group.

Brain tryptophan and neurochemical estimations

Total brain TRP (µg/g of whole brain) and 5-HT turn
over (5-HIAA/5-HT ratio) were measured following 4
weeks administration of almond. The levels of TRP (P <
0.01, fig. 5) and 5-HT turn over (P < 0.05, fig. 6) both
were increased significantly in the whole brain after long
term intake of almond. This shows that intake of almond
increased the overall brain 5-HT metabolism.

Plasma cholesterol estimation

Plasma cholesterol levels for both groups were also
estimated after decapitation and shown in figure 7.
Student’s t-test revealed significant reduction (P <
0.05) in plasma cholesterol in test group by ~ 15%
when compared with the control group.

Discussion

The finding of primary interest in the present experi-
ment is that the long term administration of almond
produces enhancing effect on memory function. This
improved memory retention was evident from the
gradual and significant decrease in time spent in open
arm on subsequent exposures to EPM (fig. 3). Results
of RAM also emphasized the same assumption as there
was significant decrease in time elapsed before the rat
entered the baited arm (fig. 4). Long term intake of
almond was also showed to significantly increase
whole brain serotonin metabolism. This can be
explainable in terms of increased brain TRP concentra-

tion and 5-HT turnover in almond treated rats (fig. 5
and 6).

Memory function in rats was assessed by EPM and
RAM. Both paradigms are widely used for the screening
of nootropic substances.20,22,24,25 The present study showed
that almond has an augmenting effect on memory
retention in rats. The results are in agreement with the
previously reported studies. It has been demonstrated
that administration of almond improved scopolamine
induced amnesia in rats.26 Central serotonin is consid-
ered as one of the neurotransmitter involved in regula-
tion of cognitive functions. A decrease in the serotonin
is believed to be involved in the occurrence of amnesia
in impaired cognitive diseases.27,28 On the other hand it
has been reported that increased brain 5-HT improves
cognitive performance.7,29 In the present work almond
administration for 4 weeks increased brain 5-HT
turnover. This increased turnover was associated with
an increase in the level of its precursor, TRP. The 5-HT
biosynthetic enzyme, TRP hydroxylase exists in unsat-
urated state with its substrate. Therefore, the rate of 5-
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Fig. 5.—Effects of oral intake of almond for 28 days on brain
tryptophan levels. Values are mean ± SD (n = 6) significant dif-
ferences by Student’s t-test**p < 0.01 with respect to controls.
The increase in brain TRP (µg/g) between the control and test
groups is expressed in terms of percentage.
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Fig. 6.—Effects of oral intake of almond for 28 days on brain5-
HT turnover (5-HIAA/5-HT). Values are mean ± SD (n = 6)
significant differences by Student’s t-test *p < 0.05 with respect
to controls. The increase in brain 5-HT turnover between the
control and test groups is expressed in terms of percentage.
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Fig. 7.—Effects of oral intake of almond for 28 days on plasma
cholesterol levels. Values are mean ± SD (n = 6) significant dif-
ferences by Student’s t-test *p < 0.05 with respect to controls.
The decrease in plasma cholesterol level between the control
and test groups is expressed in terms of percentage.
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HT synthesis depends upon the brain concentration of
its precursor. Increased 5-HT turnover are often taken
as a measure of increased 5-HIAA levels and ulti-
mately increased 5-HT release. An increased brain 5-
HT turnover exhibited by almond-treated rats indicates
an increased release of 5-HT in these rats and hence
greater availability of 5-HT towards its respective
receptors. Almond is rich in TRP, which is an essential
amino acid, because it cannot be synthesized in vivo
and must be obtained from diet. It has been shown that
increased dietary availability of TRP increases 5-HT
metabolism and enhances cognitive performance.9

Therefore, in the current study long term administra-
tion of almond increased brain 5-HT metabolism by
elevating TRP concentration and 5-HT turnover in the
brain and ultimately improved memory in rats. 

The plausible active constituents of almond are
polyunsaturated fatty acids (PUFAs) and choline that
could be involved in memory enhancement in the
present study. Dietary PUFAs [α linolenic acid; 18:3
(n-3) and linoleic acid; 12:2 (n-6)] are the main essen-
tial fatty acids that serve as precursor for fatty acids
component of neuronal membrane. These fatty acids
are important for the structural integrity of cell
membranes and for neurotransmission, signaling and
modulation of enzymatic activity.31 The PUFAs have
shown to be involved in serotonin neurotransmission32

and in increased memory function.33 In addition to sero-
tonin, acetylcholine is also considered as an important
neurotransmitter involved in the regulation of cognitive
function.34 Studies have revealed that consumption of
essential fatty acids can effectively modulate cholinergic
system.35 Acetylcholine is synthesized from substrates
choline and acetyl CoA by the enzymatic action of
choline acetyltransferase. Studies have indicated that
increased dietary choline supplementation increases
the synthesis of acetylcholine and facilitates memory
function. Cohen and Wurtman36 showed that dietary
intake of choline at increasing doses elevated serum
choline, brain choline and brain acetylcholine concen-
trations in rats. Recently, a study examined the effect of
dietary choline intake on memory in nondemented
individuals and it was found that individuals with
higher choline intake performed better on the memory
tests.37 Although we did not estimate the choline and
acetylcholine concentrations in the present study but
from these evidences it can be suggested that in addi-
tion to TRP, important biological constituents of
almond such as PUFAs and choline may also be
involved in memory improving effects of almond
following its long term administration in rats. 

Since almonds are high in fats (55%)13 and energy
dense food therefore consumers regard them as fattening
foods. In the present study body weight and food intake
were also measured during the course of the treatment
and at the end plasma cholesterol levels were estimated in
both control and test groups. After long term almond
administration the body weight remained unaffected (fig.
1) while the food intake and plasma cholesterol levels

were significantly decreased (table I, fig. 2 and fig. 7).
The suppression in food intake in test animals may be
attributed to observe increased serotonin metabolism.
Several lines of evidence demonstrate that serotonergic
system is recruited to reduce meal size.38,39 Serotonin
modulating drugs such as 5-HT reuptake inhibitor/5-HT
releaser fenfluramine has been used for the management
of obesity.40 It is possible that regular intake of almonds
may satisfy the appetite quickly and may decrease the
food intake and ultimately decrease the plasma choles-
terol level by limiting the intake of other energy-dense
food.41 Hence, despite the fact that almond is rich in fats
but this fatty food was not shown to exert adverse effects
on body weight and plasma lipid profile16,17 as observed in
the present study.

High level of cholesterol is one of the prominent risk
factor for CVD. Several lines of evidence indicate that
the type of fat is more important in decreasing CVD risk
than the total amount of fat in the diet.42,43 According to
the food composition database published by the US
Department of Agriculture, 100 g of almonds contain
50.6 g of fats, majority of which are unsaturated fats.44

Unsaturated fatty acids have consistently shown to
reduce total, LDL cholesterol.45 Animal studies have
repeatedly performed to determine the mechanisms
behind these effects and it is revealed that dietary unsatu-
rated fatty acids enhance hepatic receptor-dependent
clearance of LDL and concomitantly reduce LDL choles-
terol production.46 Almonds provide a dietary source of
unsaturated fatty acids which may help to reduce total
cholesterol as found in the current study and may be
helpful in the management of CVD.

Conclusion

In conclusion, we tested the nootropic effects of
almond in male rats. The results revealed that long term
almond intake enhances activity and performance in
spatial memory test. Present results also indicate that
almond intake increases serotonin metabolism which
might be involved in memory enhancing and appetite
decreasing effects. So these findings demonstrate that
long term intake of almond may have beneficial effects on
learning and memory processes and therefore emphasize
on the use of almond as a supplement in learning and
memory deficits. Almond administration also decreases
food intake and total cholesterol levels. This cholesterol
lowering effect may be attributed to the presence of unsat-
urated fatty acid content of these nuts. Therefore current
findings also suggest that almond supplementation may
be beneficial not only in improving memory function but
also in reducing obesity and CVD risk factors.
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