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Curcumin modulates dopaminergic receptor, CREB
and phospholipase ¢ gene expression in the
cerebral cortex and cerebellum of streptozotocin

induced diabetic rats
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Abstract

Curcumin, an active principle component in rhizome of Curcuma longa, has proved its merit for diabetes through its
anti-oxidative and anti-inflammatory properties. This study aims at evaluating the effect of curcumin in modulating the
altered dopaminergic receptors, CREB and phospholipase C in the cerebral cortex and cerebellum of STZ induced
diabetic rats. Radioreceptor binding assays and gene expression was done in the cerebral cortex and cerebellum of
male Wistar rats using specific ligands and probes. Total dopaminergic receptor binding parameter, B
increase in cerebral cortex and decrease in the cerebellum of diabetic rats. Gene expression studies using real time PCR
showed an increased expression of dopamine D1 and D2 receptor in the cerebral cortex of diabetic rats. In cerebellum
dopamine D1 receptor was down regulated and D2 receptor showed an up regulation. Transcription factor CREB and
phospholipase C showed a significant down regulation in cerebral cortex and cerebellum of diabetic rats. We report
that curcumin supplementation reduces diabetes induced alteration of dopamine D1, D2 receptors, transcription
factor CREB and phospholipase C to near control. Our results indicate that curcumin has a potential to regulate
diabetes induced malfunctions of dopaminergic signalling, CREB and Phospholipase C expression in cerebral cortex
and cerebellum and thereby improving the cognitive and emotional functions associated with these regions.
Furthermore, in line with these studies an interaction between curcumin and dopaminergic receptors, CREB and
phospholipase Cis suggested, which attenuates the cortical and cerebellar dysfunction in diabetes. These results
suggest that curcumin holds promise as an agent to prevent or treat CNS complications in diabetes.
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Introduction
Diabetes mellitus is a heterogeneous disease character-
ized by chronic hyperglycaemia and requires long-term
management. Chronic changes in the antecedent level of
glycaemia induce alterations in brain glucose metabolism
in rodents [1,2]. Chronic hyperglycemia in diabetes can
lead to various complications, affecting the CNS [3]. A
continuous systemic supply of glucose is essential for
normal cerebral metabolism [4].

Controlling blood sugar is essential for avoiding long-
term complications of diabetes like learning and memory.
Although mechanisms leading to cortical and cerebellar
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dysfunction associated with diabetic complications are
not completely understood, brain cells are particularly
vulnerable to oxidative stress [5]. Oxidative stress, leading
to an increased production of reactive oxygen species, as
well as lipid peroxidation is increased in diabetes [6-8].
Hyperglycemia causes the autoxidation of glucose, glyca-
tion of proteins, and the activation of polyol metabolism
[9]. These changes accelerate the generation of reactive
oxygen species to increase oxidative modifications of lip-
ids, DNA, and proteins in various tissues. Oxidative
stress is believed to play an important role in the develop-
ment of complications in diabetes associated neuronal
disorders [9]. Greater understanding of CNS (CNS)
involvement could lead to new strategies to prevent or
reverse the damage caused by diabetes mellitus.
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Antioxidant agents from diet have a significant thera-
peutic influence on various neurodegenerative disorders
associated with diabetes and oxidative stress [10,11]. Cur-
cuminoids, the main components in Curcuma species,
share a common unsaturated alkyl-linked biphenyl struc-
tural feature and are responsible for their major pharma-
cological effects. The biological and chemical properties
of curcuminoids were reported [12] A number of experi-
mental studies have demonstrated CUR's antioxidant and
neuroprotective potential [13,14] Also curcumin modu-
lates the expression of various molecular targets, such as
transcription factors, enzymes, cytokines, cell cycle pro-
teins, receptors and adhesion molecules [15]. Diabetes
mellitus has also been reported to be accompanied by
behavioural and reduced motor activity [16]. One unify-
ing mechanism which lies behind this neuronal injury is
the excessive free radical generation from the auto oxida-
tion of elevated intracellular glucose levels. Curcumin
may antagonise the deficit of glucose energy metabolism
or oxidative stress related to cognitive impairment associ-
ated with diabetes.

Diabetes is also found to be associated with changes in
somatic sensations which involve the cerebellum, cerebral
cortex and thalamus. Symptoms, like loss of pain,
impaired touch perception and decreased position sense,
have been commonly documented in a diabetic patient
[17]. Dopamine in the CNS is involved in the control of
both motor and emotional behavior [18] and peripherally
modulates insulin secretion in the pancreatic islets [19].
Nafadotride, a preferential antagonist of dopamine D3
receptors administered at low doses directly into the cer-
ebellum, has been shown to activate locomotor activity
[20]. The secretion of insulin by B-cells of the endocrine
pancreas is regulated by glucose and other circulating
nutrients. It is also modulated by several hormones and
neurotransmitters, among which dopamine plays a prom-
inent role.

CREB is a protein that is a transcription factor. It binds
to certain DNA sequences called cAMP response ele-
ments and, thereby, increases or decreases the transcrip-
tion of the downstream genes [21]. Genes whose
transcription is regulated by CREB include: c-fos, BDNF
(Brain-derived neurotrophic factor), tyrosine hydroxylase
and neuropeptides such as somatostatin, enkephalin,
VGF and corticotropin-releasing hormone [21]. In neu-
ronal tissue, CREB regulation by nerve growth factor and
insulin-like growth factor-1 is essential for neuronal plas-
ticity, full axonal development, memory consolidation,
and neuroprotection [22,23]. The Phospholipase C activ-
ity decline in the brain is expected to affect mainly the
18:0/20:4 molecular species of DAG because this is the
principal molecular species of phosphoinositides in the
nervous tissue [24].
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Hyperglycaemia is associated with a number of physio-
logical changes, the most profound effects are seen in the
brain, where glucose is the major substrate for energy
metabolism and both local energy store and the supply of
alternate sources are limited. The initiating events in
hyperglycemic encephalopathy still are not understood
completely. But brain injury appears to result from a
number of processes that are initiated when blood glu-
cose concentration is altered. However, the action mech-
anisms of this remain obscure. Therefore, this study was
designed to investigate the beneficial effect of curcumin a
neuroprotective agent, on impairment in dopaminergic
receptors, CREB and phospholipase C in the cerebral cor-
tex and cerebellum of STZ-induced diabetic rats. Our
present study on curcumin dependent regulation of dop-
aminergic receptors, transcription factor CREB and
phosphor lipase C amelioration of cortical and cerebellar
cells will certainly enlighten novel therapeutic possibili-
ties in diabetes treatment.

Materials and methods

Bio chemicals used in the present study were purchased
from Sigma Chemical Co., St. Louis, USA. All other
reagents of analytical grade were purchased locally. [3H]
Dopamine were purchased from NEN Life Sciences
Products Inc., Boston, U.S.A. dopamine and curcumin
were from Sigma Chemical Co., USA. Tri-reagent kit was
purchased from MRC, USA. Real Time PCR Tagman
probe assays on demand were from Applied Biosystems,
Foster City, CA, USA.

Male adult Wistar rats of 180-240 g body weight were
used for all experiments. The animals were allowed to
acclimatise for 2 weeks before the experiment. They were
housed individually in separate cages under 12 hour light
and 12 hour dark periods. Rats had free access to stan-
dard food and water ad libitum. All animal care and pro-
cedures were done in accordance with the Institutional
and National Institute of Health guidelines. All efforts
were made to minimize the number of animals used and
their suffering. Diabetes was induced in rats by single
intra femoral vein injection of STZ freshly dissolved in 0.1
M citrate buffer, pH 4.5, under anaesthesia [25]. STZ was
given at a dose of 55 mg/kg body weight [26,27]. Animals
were divided into the following groups: I) Control ii) dia-
betic iii) insulin-treated diabetic iv) curcumin-treated
diabetic rats. Each group consisted of 6-8 animals. The
insulin-treated diabetic group received subcutaneous
injections (1 Unit/kg body weight) of Lente and Plain
insulin (Boots India) daily during the entire period of the
experiment. The last injection was given 24 hours before
sacrificing the rats. Curcumin treated groups received 60
mg/kg suspension of curcumin orally [28] for the entire
period of the experiment. Curcumin was suspended in
0.5% w/v sodium carboxymethylcellulose immediately
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before administration in constant volume of 5 ml/kg body
weight. Rats were sacrificed on 15th day by decapitation.
The cerebellum was dissected out quickly over ice
according to the procedure of Glowinski and Iversen,
1966 [29] and the tissues collected were stored at -80°C
until assayed.

Estimation of blood glucose

Blood glucose was estimated by the spectrophotometer
method using glucose oxidase-peroxidase reactions.
Blood samples were collected from the tail vein at 0 hour
(Before the start of the experiment), 3rd, 6th, 10th and
14th day and the glucose levels were estimated subse-
quently. Along with this blood samples were collected 3
hrs after the administration of morning dose of insulin
and curcumin. The results were expressed in terms of
milligram per decilitre of blood.

Total Dopamine receptor binding studies in the cerebellum
DA receptor assay was done using [3H]DA according to
Madras et al., 1988 [30]. Cerebellum was homogenised in
a polytron homogeniser with 20 volumes of cold 50 mM
Tris-HCI buffer, along with 1 mM EDTA, 0.01%ascorbic
acid, 4 mM MgCl,, 1.5 mM CaCl,, pH. 7.4 and centri-
fuged at 38,000 x g for 30 min at 4°C. The pellet was
washed twice by rehomogenization and centrifuged twice
at 38,000 x g for 30 min at 4°C. This was resuspended in
appropriate volume of the buffer containing the above
mentioned composition.

Binding assays were done using different concentra-
tions i.e., 0.25 nM-1.5 nM of [3H]DA in 50 mM Tris-HCI
buffer, along with 1 mM EDTA, 0.01% ascorbic acid, 1
mM MgCl,, 2 mM CaCl,, 120 mM NaCl, 5 mM KC],
pH.7.4 in a total incubation volume of 250 pl containing
200-300 pg of proteins. Specific binding was determined
using 100 pM unlabelled dopamine.

Tubes were incubated at 25°C for 60 min. and filtered
rapidly through GEF/B filters (Whatman). The filters were
washed quickly by three successive washing with 5.0 ml
of ice cold 50 mM Tris buffer, pH 7.4. Bound radioactivity
was counted with cocktail-T in a Wallac 1409 liquid scin-
tillation counter. The non-specific binding determined
showed 10% in all our experiments.

Protein determination

The amount of protein was measured by the method of
Lowry et al., 1951 [31] using bovine serum albumin as
standard. The intensity of the purple blue colour formed
was proportional to the amount of protein, which was
read in a spectrophotometer at 660 nm.

Receptor data analysis
The receptor binding parameters were determined using
Scatchard analysis [32]. The specific binding was deter-
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mined by subtracting non-specific binding from the total.
The binding parameters, maximal binding (B,,,) and
equilibrium dissociation constant (K;), were derived by
linear regression analysis by plotting the specific binding
of the radioligand on X-axis and bound/free on Y-axis
using Sigma plot software (version 2.0, Jandel GmbH,
Erkrath, Germany). The maximal binding is a measure of
the total number of receptors present in the tissue and
the equilibrium dissociation constant is the measure of
the affinity of the receptors for the radioligand. The K is

inversely related to receptor affinity.

Analysis of gene expression by Real-Time PCR

RNA was isolated from the cerebellum of experimental
rats using the Tri-reagent (MRC, USA). Total cDNA syn-
thesis was performed using ABI PRISM cDNA archive kit
in 0.2 ml microfuge tubes. The reaction mixture of 20 pl
contained 0.2 pg total RNA, 10 x RT buffer, 25 x ANTP
mixture, 10 x random primers, MultiScribe RT (50 U/pl)
and RNase free water. The ¢cDNA synthesis reactions
were carried out at 25°C for 10 minutes and 37°C for 2
hours using an Eppendorf Personal Cycler. Real-time
PCR assays were performed in 96-well plates in ABI 7300
real-time PCR instrument (Applied Biosystems). The
primers and probes were purchased from Applied Biosys-
tems, Foster City, CA, USA. The TagMan reaction mix-
ture of 20 pl contained 25 ng of total RNA-derived
cDNAs, 200 nM each of the forward primer, reverse
primer and TaqMan probe for assay on demand and
endogenous control B-actin and 12.5 pl of Tagman 2x
Universal PCR Master Mix (Applied Biosystems) and the
volume was made up with RNAse free water. The follow-
ing thermal cycling profile was used (40 cycles): 50°C for
2 min, 95°C for 10 min, 95°C for 15 sec and 60°C for 1
min.

Fluorescence signals measured during amplification
were considered positive if the fluorescence intensity was
20-fold greater than the standard deviation of the base-
line fluorescence. The 2AACT method of relative quantifi-
cation was used to determine the fold change in
expression. This was done by normalizing the resulting
threshold cycle (CT) values of the target mRNAs to the
CT values of the internal control -actin in the same sam-
ples (*CT = CTryger - CT gyeqin)- It was further normal-

ized with the control (*AACT = ACT - CT o) The fold

change in expression was then obtained as (2-42C T) and
the graph was plotted using log 2-2ACT.

Statistics
Statistical evaluations were done by ANOVA, expressed
as mean = S.E.M using In Stat (Ver.2.04a) computer pro-
gramme.
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Results

Blood glucose level of all rats before STZ administration
was within the normal range. STZ administration led to a
significant increase (p < 0.001) in blood glucose level of
diabetic rats compared to control rats. Insulin and Cur-
cumin treatment were able to significantly reduce (p <
0.001) the increased blood glucose level to near the con-
trol value compared to diabetic group (Table 1).

Total dopamine receptor analysis

a) Scatchard analysis of [3H] dopamine binding against
dopamine in the cerebral cortex and cerebellum of control
and experimental rats

The Scatchard analysis showed that the B ,, and K, of the

[3H] dopamine receptor binding decreased significantly
(p < 0.001) in the cerebral cortex of diabetic rats com-
pared to control group. In Curcumin and insulin treated
diabetic groups, B,,,, reversed to near control value. K, of
insulin treated and Curcumin group reversed to near
control. (Table 2, 3)

Real Time-PCR Analysis of dopamine D1 Receptor in cerebral
cortex and cerebellum of control and experimental rats

Real Time-PCR analysis showed that the dopamine D1
receptor gene expression was significantly increased (p <
0.001) in the cerebral cortex and decreased (p < 0.001)
cerebellum in diabetic condition. Insulin and curcumin
treatment reversed the altered expression to near control
(Figure 1 and 2).

Real Time-PCR Analysis of dopamine D2 Receptor in cerebral
cortex and cerebellum of control and experimental rats

Real Time-PCR analysis showed that the dopamine D2
receptor gene expression in the cerebral cortex and cere-
bellum was significantly increased (p < 0.001) in diabetic
condition and it reversed to near control value in insulin
and curcumin treated diabetic rats (Figure 3 and 4).

Table 1: Blood glucose (mg/dl) level in Experimental rats
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Real Time-PCR Analysis of CREB in the cerebral cortex and
cerebellum of control and experimental rats

Real Time-PCR analysis showed that the CREB gene
expression in the cerebral cortex and cerebellum was sig-
nificantly decreased (p < 0.001) in diabetic condition. In
cerebral cortex, curcumin treatment reversed the altered
expression to near control while insulin treatment shows
no significant reversal. In cerebellum curcumin and insu-
lin treatment reversed the altered expression to near con-
trol value (Figure 5 and 6).

Real Time-PCR Analysis of phospholipase C in the cerebral
cortex and cerebellum of control and experimental rats

Real Time-PCR analysis showed that the phospholipase C
gene expression in the cerebral cortex and cerebellum
was significantly decreased (p < 0.001) in diabetic condi-
tion. In cerebral cortex curcumin and insulin treatment
reversed the altered expression in diabetes to near con-
trol. In cerebellum curcumin treatment reversed the
altered expression to near control while insulin treatment
shows no significant reversal (Figure 7 and 8).

Discussion

There is a complex relationship among diabetes mellitus
and CNS, the present study is an attempt to investigate
the role of curcumin in regularising the altered dopamin-
ergic and second messenger expression in the cerebral
cortex and cerebellum of STZ-induced diabetic rats. Dia-
betic encephalopathy, characterized by impaired cogni-
tive functions and neurochemical and structural
abnormalities, may involve direct neuronal damage.
Therefore, we have assessed the possibility of curcumin
supplementation that target oxidative stress which would
help in preventing and/or delaying the progression of dia-
betes and associated neuronal injury in cerebral cortex
and cerebellum. This study demonstrated for the first

Animal status

0 day (Before 3rd day (Initial) 6th day 10th day 14th day (Final)
STZ injection)
Control 872+ 14 86.6+1.2 832+12 863 +1.2 857+15
Diabetic 853+13 2573+09 3182+ 16 307.8+13 3205 % 1.3%%
D+1 86.4 +0.9 2498 +12 303.6+08 1859+ 15 137.0 % 13000
Jaloto
D+C 893+15 2597+ 1.8 305409 190+ 1.7 175.6 % 1.0

P00

Values are mean + S.E.M of 4-6 rats in each group. Each group consist of 6-8 rats
*** P < 0.001 when compared to control, ¥¥¥P < 0.001 when compared to diabetic group, e p < 0.001 when compared with initial reading

D + I- Insulin treated diabetic rats
D+C- Curcumin treated diabetic rats



Kumar et al. Journal of Biomedical Science 2010, 17:43
http://www.jbiomedsci.com/content/17/1/43

Page 5 of 11

Table 2: Scatchard analysis of [3H] dopamine binding against dopamine in the cerebral cortex of control, and

experimental rats

Animal status

Bmax (fmoles/mg protein) Kd (nM)
Control 23+37 2.01+£0.05
Diabetic 67 + 5.7%** 6.17 £ 0.06**
D+l 19.8 £ 4.1 2.4 +0.05%
D+C 21.7 £ 6.69v¥ 1.96 + 0.06%¥

Values are mean + S.E.M of 4-6 separate experiments. Each group consist of 6-8 rats *** P < 0.001 when compared to control, ¥¥¥P < 0.001
when compared to diabetic group **P < 0.01 when compared to control group %% P < 0.01 when compared to diabetic group.

D + I- Insulin treated diabetic rats
D+C- Curcumin treated diabetic rats

time that STZ-induced diabetes produces a marked
attenuation of cerebral cortical and cerebellum function
mediated through dopaminergic receptors, phospholi-
pase C activity and transcription factor CREB in the
Wistar rats.

The STZ diabetic rat serves as an excellent model to
study the molecular, cellular and morphological changes
in brain induced by stress during diabetes [33]. In the
present study, STZ-induced rats were used as an experi-
mental model for diabetes, since they provides a relevant
example of endogenous chronic oxidative stress due to
the resulting hyperglycemia [34]. The facts' that increased
blood glucose level and decreased body weight, observed
during diabetes, are similar with previous reports as a
result of the marked destruction of insulin secreting pan-
creatic B-cells by STZ [25]. Previous reports showed that
curcumin has the potential to protect pancreatic islet
cells against STZ-induced death and dysfunction [35] and
increase plasma insulin level in diabetic mice [36]. The
results of this study have demonstrated that insulin and

curcumin treatment to STZ-induced diabetic rats can
have beneficial effects in reducing blood glucose levels to
near control. The central complications of hyperglycemia
also include the potentiation of neuronal damage
observed following hypoxic/ischemic events, as well as
stroke. Glucose utilization is decreased in the brain dur-
ing diabetes [37], providing a potential mechanism for
increased vulnerability to acute pathological events.
Dopamine is the predominant catecholamine neu-
rotransmitter in the mammalian brain, where it controls a
variety of functions including locomotor activity, cogni-
tion, emotion, positive reinforcement, food intake, and
endocrine regulation. This catecholamine also plays mul-
tiple roles in the periphery as a modulator of cardiovas-
cular function, catecholamine release, hormone
secretion, vascular tone, renal function, and gastrointesti-
nal motility [38]. Dopamine receptors are reported to be
increased in diabetes causing significant alterations in
central dopaminergic system [39]. It is hypothesized that
the cerebral cortex participates in the memory, attention,

Table 3: Scatchard analysis of [3H] dopamine binding against dopamine in the cerebellum of control, and experimental

rats
Animal status Bmax (fmoles/mg protein) Kd (nM)
Control 112+£54 3.8+0.14
Diabetic 22 +3.6%** 2.3 £ 0.05**
D+I 116 + 4.3vwv 3.2+0.13@@
D+C 91.1 + 3.87Vw¥ 4.0 £0.03e@

Values are mean + S.E.M of 4-6 separate experiments. Each group consist of 6-8 rats ***P < 0.001 when compared to control, ¥¥¥P < 0.001
when compared to diabetic group **P < 0.01 when compared to control group @@P < 0.01 when compared to diabetic group.

D + I- Insulin treated diabetic rats
D+C- Curcumin treated diabetic rats
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Figure 1 Real Time PCR amplification of dopamine D1 receptor
mRNA from the cerebral cortex of control and experimental rats.
Values are mean + S.D of 4-6 separate experiments. Each group consist
of 6-8 rats Relative Quantification values and standard deviations are
shown in the table. The relative ratios of mRNA levels were calculated
using the 2ACT method normalized with 3-actin CT value as the inter-
nal control and Control CT value as the calibrator. a p < 0.001 when
compared with control, b p < 0.001 when compared with diabetic
group. D+ - Insulin treated diabetic group. D+C- Curcumin treated di-
abetic group.

perceptual awareness, thought, language, and conscious-
ness which are necessary for the normal life style. In the
present study the scatchard analysis of total dopamine
receptors in diabetic rats showed an increased receptor
binding or number in cerebral cortex when compared to
control, thus contributing to neurological dysfunctions
associated with cortex. Earlier reports showed significant
alterations in neurotransmitters during hyperglycaemia
and causes degenerative changes in neurons of the CNS
[40]. A converse pattern of the modulation of total dop-
aminergic receptors was obtained in cerebellum, which is
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Figure 2 Real Time PCR amplification of dopamine D1 mRNA
from the cerebellum of control and experimental rats. Values are
mean + S.D of 4-6 separate experiments. Each group consist of 6-8 rats
Relative Quantification values and standard deviations are shown in
the table. The relative ratios of mRNA levels were calculated using the
AACT method normalized with B-actin CT value as the internal control
and Control CT value as the calibrator. a p < 0.001 when compared
with control b p < 0.001 when compared with diabetic group. D+! - In-
sulin treated diabetic group. D+C- Curcumin treated diabetic group.
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Figure 3 Real Time PCR amplification of dopamine D2 mRNA
from the cerebral cortex of control and experimental rats. Values
are mean + S.D of 4-6 separate experiments. Each group consist of 6-8
rats Relative Quantification values and standard deviations are shown
in the table. The relative ratios of mRNA levels were calculated using
the A2CT method normalized with 3-actin CT value as the internal con-
trol and Control CT value as the calibrator.a p < 0.001 when compared
with control b p < 0.001 when compared with diabetic group. D+! - In-
sulin treated diabetic group. D+C- Curcumin treated diabetic group.

responsible for the coordination of voluntary motor
movement, balance, equilibrium and declarative memory.
Total dopamine receptor density was decreased in the
cerebellum of diabetic rats when compared to control
indicating an unbalance in dopaminergic neural trans-
mission. Furthermore, many behavioural studies have
shown evidence that the dopamine system plays an
important role in regulating exploratory and locomotor
behavior [41,42]. The current data reveal a significant
reversal of this altered binding parameter to near control
in curcumin and insulin treatment. Thus we speculated
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Figure 4 Real Time PCR amplification of dopamine D2 mRNA
from the cerebellum of control and experimental rats. Values are
mean + S.D of 4-6 separate experiments. Each group consist of 6-8 rats
Relative Quantification values and standard deviations are shown in
the table. The relative ratios of MRNA levels were calculated using the
AMCT method normalized with 3-actin CT value as the internal control
and Control CT value as the calibrator. a p < 0.001 when compared
with control b p < 0.01 when compared with diabetic group ¢ p <
0.001 when compared with diabetic group. D+ - Insulin treated dia-

betic group. D+C- Curcumin treated diabetic group.
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Figure 5 Real Time PCR amplification of CREB mRNA from the ce-
rebral cortex of control and experimental rats. Values are mean +
S.D of 4-6 separate experiments. Each group consist of 6-8 rats Relative
Quantification values and standard deviations are shown in the table.
The relative ratios of MRNA levels were calculated using the A2CT
method normalized with B-actin CT value as the internal control and
Control CT value as the calibrator. a p < 0.001 when compared with
control b p < 0.01 when compared with diabetic group. D+ - Insulin
treated diabetic group. D+C- Curcumin treated diabetic group.
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Figure 7 Real Time PCR amplification of phospholipase C mRNA
from the cerebral cortex of control and experimental rats. Values
are mean + S.D of 4-6 separate experiments. Each group consist of 6-8
rats Relative Quantification values and standard deviations are shown
in the table. The relative ratios of mRNA levels were calculated using
the A2CT method normalized with 3-actin CT value as the internal con-
trol and Control CT value as the calibrator.a p < 0.001 when compared
with control b p < 0.001 when compared with diabetic group. D+! - In-
sulin treated diabetic group. D+C- Curcumin treated diabetic group.

that curcumin has an ability to modulate dopaminergic
receptors there by ameliorating the impaired cortical per-
formance associated with diabetes. Diabetes mellitus has
been reported to be accompanied by a number of behav-
ioural and hormonal abnormalities, including reduced
locomotor activity [43]. The present experiments further
revealed the effect of curcumin to modulate the dop-
aminergic receptors in the cerebellum by standardising
the altered expression to a normal level.

DA D, receptors are highly expressed in basal ganglia
followed by cerebral cortex, hypothalamus and thalamus.
The gene expression studies of dopamine D1 receptors

showed an increase in the cortex of diabetic rats which
confirm and extend our observations of total dopamine
receptors. Dopamine D1 receptor seems to mediate
important actions of dopamine to control movement,
cognitive function and cardiovascular function. The DA
D, receptors in the brain are linked to episodic memory,
emotion, and cognition. Diabetes mellitus has been
reported to cause degenerative changes in neurons of the
CNS [44,45,40]. Our study showed that diabetes can reg-
ulate the expression of dopamine D1 receptor which may
reduce the central cortical function. Furthermore, cur-
cumin and insulin exhibited a tendency for decreasing
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Figure 6 Real Time PCR amplification of CREB mRNA from the cer-
ebellum of control and experimental rats. Values are mean + S.D of
4-6 separate experiments. Each group consist of 6-8 rats Relative Quan-
tification values and standard deviations are shown in the table. The
relative ratios of MRNA levels were calculated using the A2CT method
normalized with B-actin CT value as the internal control and Control CT
value as the calibrator. a p < 0.001 when compared with control b p <
0.01 when compared with diabetic group. D+ - Insulin treated diabetic
group. D+C- Curcumin treated diabetic group.
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Figure 8 Real Time PCR amplification of phospholipase C mRNA
from the cerebellumof control and experimental rats. Values are
mean + S.D of 4-6 separate experiments. Each group consist of 6-8 rats
Relative Quantification values and standard deviations are shown in
the table. The relative ratios of MRNA levels were calculated using the
AMCT method normalized with B-actin CT value as the internal control
and Control CT value as the calibrator.a p < 0.001 when compared
with control b p < 0.001 when compared with diabetic group. D+! - In-
sulin treated diabetic group. D+C- Curcumin treated diabetic group.
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this altered mRNA expression to near control. Such inter-
ference with the dopaminergic system could explain, at
least in part, the ameliorative effect of curcumin on CNS.
In agreeable with the total dopamine receptor change in
the cerebellum dopamine D1 receptor expression was
down regulated in the diabetic rats when compared to
control. Haloperidol and SCH23390, a selective dop-
amine D1 receptor antagonist, significantly reduced
spontaneous locomotor activity in diabetic mice, but not
in non diabetic mice [46]. In our study, curcumin and
insulin increased the dopamine D1 receptor expression
levels in the cerebellum, which suggests that the cur-
cumin supplementation influenced the functional regula-
tion of these receptors to maintain normal dopaminergic
function and this might also be involved as a mechanism
of preventing cerebellar dysfunctions.

The interest in learning dopamine D2 receptor expres-
sion begins with the hypothesis that dopamine D2 recep-
tors are involved in the pathophysiology of schizophrenia
and in the mechanism of antipsychotic drug action [47].
Also widespread distribution of dopamine D2 receptors
in the cerebral cortex is of considerable clinical signifi-
cance because this may be the site for regulation of cogni-
tive deficits [48]. Thus, our findings should bring
attention to the cortex as a possible site of dysfunction in
diseases like diabetes mellitus. To examine whether dop-
amine D2 receptors are altered in diabetes, we examined
the expression levels of D2 in the cortex, and the cerebel-
lum, because these tissues are regions to which dopamin-
ergic neurons project, and are well known to be related to
memory, attention, perceptual awareness, thought, lan-
guage, consciousness and motor function. The present
study showed that dopamine D2 receptors expression of
cortex and cerebellum in diabetic rats where up regulated
when compared to control. These results may indicate an
alteration of the dopamine system in diabetes, because it
is well known that dopamine is a principal modulator of
higher functions including attention working memory
[49] and motor control [50]. The increase in the central
dopaminergic postsynaptic receptors has been related to
decrease the locomotor and ambulatory activity in STZ-
induced diabetic rats [51,52]. It was reported that injec-
tion of dopamine D2 agonist into lobules 9 and 10 of the
cerebellar cortex, induced balance and motor coordina-
tion disturbances in the rotarod test [53]. It has been sug-
gested that curcumin reverses the effects of diabetes on
dopamine D2 receptors in the cortex and cerebellum to
near control level.

Previous studies from our lab have established the role
of neurotransmitters in maintaining the glucose homeo-
stasis [54-57]. Thus it is evident that the various neu-
rotransmitter  systems, including - Dopamine,
acetylcholine, glutamate, GABA; are modulated by diabe-
tes. The coordinated activation and inhibition of different
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neurotransmitter systems in control rats are disrupted
during diabetes. The synergistic effect of neurotransmit-
ters receptor alterations results in CNS disorders during
diabetes. Puglisi et al (1995) [58], reported the regulatory
role dopamine D1 and D2 receptors in modulating acetyl-
choline activity. Also hippocampal D2 receptors modu-
late spatial working memory functions, and this effect is
due to the increased acetylcholine release associated with
D2 receptor stimulation [59,60].

The cAMP response element-binding protein (CREB)
plays a pivotal role in dopamine receptor-mediated
nuclear signaling and neuroplasticity [61]. Here we dem-
onstrate the significance of CREB gene expression in the
cerebral cortex and cerebellum of STZ-induced diabetes
rats. Our findings showed a significant down regulation
of CREB in cerebral cortex and cerebellum of diabetic
rats, when compared to control. The study of the dop-
amine receptors expression in relation with CREB phos-
phorylation in diabetes is an important step toward
elucidating the relationship between molecular adapta-
tions and behavioural consequences. CREB proteins in
neurons are thought to be involved in the formation of
long-term memories; this has been shown in the marine
snail Aplysia, the fruit fly Drosophila melanogaster, and
in rats. CREB is necessary for the late stage of long-term
potentiation. CREB also has an important role in the
development of drug addiction [62]. It is therefore impor-
tant to identify the elements that modulate dopaminergic
receptor expressions and phosphorylation of CREB and
there by its expression in the nucleus. Drugs that stimu-
late dopamine receptors have the potential to produce
long-lasting behavioural and neural alterations. The cur-
cumin supplementation significantly modulates the
altered gene expression of CREB in the cerebral cortex
and cerebellum of diabetic rats to near control. In cere-
bral cortex insulin treatment doesn't show any significant
effect in the CREB expression of diabetic rats whereas
cerebellum shows a significant reversal. This study dem-
onstrates that curcumin is having a modulatory effect in
the transcription factor CREB expression which is crucial
in maintaining the normal neuronal function and survival
in diabetes. The dopamine D1 signal transduction path-
way, activation of the transcription factor CREB, and
dopamine-mediated gene expression are critically
involved in memory processing, behavioural responses
and drug addiction [63]. Interruption of this pathway can
interfere with important cognitive performance and
behavioural aspects associated with cerebral cortex and
cerebellum. Dudman et al [64] reported that D2 receptors
activate the cAMP response element-binding protein in
neurons and D1 receptor stimulation leads to phosphory-
lation of the transcription factor Ca2* and CREB in the
nucleus by means of NMDA receptor-mediated Ca 2+ sig-
naling. Thus we propose the importance of dopamine
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receptors in modulating CREB phosphorylation and acti-
vation. Possible interactions of other neurotransmitters
with CREB is also suggested which needs further studies.
The effect of curcumin in interacting with the dopamin-
ergic receptor and CREB in STZ-induced diabetes proves
its potential in managing CNS disorders in diabetes.
Phospholipase C mediates transduction of neurotrans-
mitter signals across membranes via hydrolysis of phos-
phatidylinositol-4,5-bisphosphate, leading to generation
of second messengers inositol- 1,4,5-trisphosphate and
diacylglycerol. In the present study, we determined diabe-
tes-mediated alterations in phospholipase C expression
in the cerebral cortex and cerebellum. Further we
extended the studies to phospholipase C regulation with
curcumin supplementation and insulin treatment a
potential therapeutic drug which can modulate signal
transduction pathway there by contributing in the pre-
vention of CNS dysfunction in diabetes. Our results
showed a decreased expression of phospholipase C in the
cerebral cortex and cerebellum of diabetic rats when
compared to control. The DA D, receptors show charac-
teristic ability to stimulate adenylyl cyclase and generate
inositol 1, 4, 5-trisphosphate (IP;) and diacylglycerol via
the activation of phospholipase C [65,66]. We considered
that the down regulation of the Phospholipase C in rat
cerebral cortex and cerebellum during diabetes could
contribute to the impaired signal transduction of G-pro-
tein coupled neurotransmitter receptors. Phospolipase C
performs a catalytic mechanism, generating inositol
triphosphate (IP;) and diacylglycerol (DAG). Altered
phospholipase C expression fails to modulate the activity
of downstream proteins important for cellular signalling.
Defective expression of phospholipase C results in low
levels of IP3 causing the impaired release of calcium and
bring down the level of intracellular calcium and thus
failed to execute the normal neuronal function in cerebral
cortex and cerebellum. The previous study reports that
phospholipase C-mediated signaling, initiated by growth
factor receptor types, are involved in long-term memory
formation, a process that requires gene expression [67].
Activation of all the G protein coupled receptors includ-
ing Ach, glutamate and dopamine results in second mes-
senger enzyme, phospholipase C expression. These
evidences led us to propose that the enhancement of dia-
betes-mediated phospholipase C gene expression could
impart damage to the central cognitive functions; which
has been found to be effectively protected by curcumin
treatment. Further studies are to be carried out to reveal
the correlation between the expression of phospholipase
C and G protein coupled neurotransmitter receptors.
The possible mechanism of curcumin action in CNS
may be by lowering the blood glucose level which results
in rendering the anti-apoptotic property [68]. Curcumin
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could reduce neuronal loss of the ischemic brain tissue,
and inhibit expression of the activated caspase-3, a key
executor of apoptosis [69,70]. Damage to neurons may
occur through oxidative stress and/or mitochondrial
impairment and culminate in activation of an apoptotic
stage. Apoptosis or related phenomena are possibly
involved in secondary cell death in diabetes. These results
imply a potential therapeutic efficacy, i.e., curcumin may
be used clinically as a neuroprotective drug for treatment
of patients suffering from diabetes.

Insulin and sulfonylurea therapy for diabetes mellitus
carries the risk of hypoglycaemic brain injury, and this
risk is a major impediment to optimal glucose regulation
in diabetic patients [71]. Factors that contribute to cogni-
tive deficits as well as the protective factors that reduce
the impact of diabetes on brain functions are still an
enigma. Cerebral cortex and cerebellum are involved in
cognitive, motor, and neuroendocrine activities [72-74];
thus, their affectations during diabetes are relevant in the
pathogenesis of the disease. In addition, curcumin have
recently received considerable attention since they have
been shown to protect neurons against a variety of exper-
imental neurodegenerative conditions. In the present
investigation the generation of unique functional proper-
ties of curcumin via dopamine D1, D2 receptors, CREB
and phospholoipase C interactions may yield a better
understanding of behaviour and CNS disorders induced
by diabetes.
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