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DOSE-DEPENDENT EFFECTS OF FLUORIDE ON NEUROCHEMICAL
MILIEU IN THE HIPPOCAMPUS AND NEOCORTEX OF RAT BRAIN
Krishnaiah Chirumari, Pratap Karnati Reddya
Hyderabad, India

SUMMARY: Effects of fluoride (F) on lipid peroxidation and enzyme activity levels in
the hippocampus and neocortex were studied in 6- to 7-week-old female Wistar rats
in five groups of six administered intraperitoneal doses of NaF in physiological saline
over the range of 0, 1, 5, 10, and 20 mg NaF/kg bw/day for 14 days. Body weight and
brain index decreased significantly (p<0.05) as F levels increased in the
hippocampus and neocortex. Activities of the free radical enzymes superoxide
dismutase (SOD), glutathione S-transferase (GST) and catalase (CAT) likewise
decreased significantly (p<0.05), whereas the level of lipid peroxidation (LPO) and
the activities of glutathione peroxidase (GPX) and xanthine oxidase (XOD) increased
compared with those of the control group. The enzymes of secondary signaling,
protein kinase C (PKC) and neuronal nitric oxide synthase (nNOS), also increased
compared with the control. Dopamine, serotonin, 5-hydroxyindoleacetic acid and
homovanillic acid levels likewise increased, whereas norepinephrine and
epinephrine levels decreased. The NaF administered groups showed dosedependent responses with more significant effects in the two fhigher dosage groups.
Although NaF treatment produced significant neurochemical alterations in both the
hippocampus and neocortex, there was not much difference in the degree of effects
in the two organs.
Keywords: Free radical enzymes; Hippocampus; Neocortex; Neurochemical milieu; Neuronal
nitric oxide synthase; Neurotransmitters; Protein kinase C; Rat brain and fluoride.
INTRODUCTION

F–

Fluoride (F), as
in bound form, is known to cross the blood brain barrier and
accumulate in the brain of rats exposed to chronic high F levels.1-3 Some of the
neurotoxic effects of F in rats include DNA damage, oxidative stress, decrease in
the nicotinic acetylcholine receptors, and histopathological changes in brain cells
of rat with decreased learning and memory ability.4-9 The hippocampal subregions of mice treated with NaF show degenerated nerve cell bodies in the cornu
ammonis (CA3, CA4) and dentate gyrus areas of the brain.10 Except for
homovanillic acid (HVA) in the hypothalamus, Tsunoda et al.11 found no
significant difference in levels of the neurotransmitters dopamine,
dihydroxyphenylacetic acid (DOPAC), norepinephrine, serotonin, 5hydroxytryptamine (5-HT), and 5-hydroxyindoleacetic acid (5-HIAA) in different
regions of the brain of mice treated with F. On the other hand, decreased activities
of mammalian neurotransmitter enzymes, acetylcholine esterase (AchE) and
butyrylcholine esterase (BchE), as well as weakened antioxidant systems and
altered nitric oxide synthase (NOS) activity, have been recorded in the brain of rats
exposed to high F.12-14
Because there is limited information on levels of neurotransmitters and signaling
molecules, particularly involving protein kinase C and neuronal NOS, the present
study was undertaken to determine the effects of variable doses of F on these
aFor Correspondence: K Pratap Reddy, Neuroscience Division, Department of Zoology,
Osmania University, Hyderabad 500007, India. E-mail: pratapkreddy@rediffmail.com
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parameters and F accumulation in the hippocampus and neocortex of rats. Our
plan was to correlate these effects on activities of enzymes involved in free radical
metabolism with activities of the secondary signaling enzymes protein kinase C
and neuronal NOS along with levels of the above-mentioned neurotransmitters
including dopamine, norepinephrine, epinephrine, 5-HIAA, HVA, and serotonin.
MATERIALS AND METHODS

Adult female Wistar rats about 6- to 7-weeks old, weighing 100–120 g, were
obtained from the National Center for Laboratory Animal Sciences of the National
Institute of Nutrition, Hyderabad, India. The animals were housed in
polypropylene cages at 25±2ºC on a 12 hr light/dark cycle and were maintained on
a standard rat pellet diet (Hindustan Lever Ltd, Lipton India, Bangalore) with
water supplied ad libitum until autopsy. Rats were divided into 5 groups of 6 each.
Each rat was administered intraperitoneally 1 mL of solution containing required
quantities of NaF/100 g body weight each day for 14 days. Group I served as
controls that were treated with 1 mL of mammalian physiological saline, group II
received 1 mg NaF/kg bw, group III 5 mg NaF/kg bw, group IV 10 mg NaF/kg bw,
and group V 20 mg NaF/kg bw. (These doses are well below the LD50 for rodents,
which is reported to be 51.6 mg F/kg bw/day).15 The NaF solutions were prepared
fresh in glass with distilled water prior to use. After 14 days the rats were
sacrificed by decapitation. The brains were rapidly removed and dissected out,
blotted free of blood. The hippocampus and neocortex were separated, and
transferred to small aluminum foil cups at ice temperature, and processed
immediately as per the requirement for each parameter to be studied.
Body weight and organo-somatic index: The body weight of each animal was
noted before treatment and also on day 14 before decapitation. After the rats were
sacrificed the brain weight of each animal was also recorded. From these values
the organo-somatic index (OSI) was calculated by the following formula:
weight (g) of the brain
Organo-somatic index

× 100

=
total body weight (g)

Estimation of fluoride: F levels in the hippocampus and neocortex of control and
treated rats were determined by the method of Birkel16 with required
modifications and are expressed as µg F/g dry tissue. In this method the
hippocampus and neocortex were each pooled, homogenized, and dried for 24 hr
at 105ºC. In a closed compartment, a weighed 200 mg dry sample was dissolved in
2 mL of a 1:1 mixture of 11.6 M perchloric acid and 14.3 M nitric acid and
neutralized with citrate buffer to a pH 5.5 with a mixture of 7.8 M sodium
hydroxide and 1.0 M trisodium citrate. The resulting solution sample thus
obtained was used after appropriate dilutions for recording the F content with an
Orion R 94-09 electrode.
Assay of free radical enzymes: Xanthine oxidase (XOD) activity was assayed by
the method described by Govindappa et al.17 expressed as micromoles of
formazan formed/mg protein/hr. Catalase (CAT) activity was measured by the
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method of Chance et al.18 and calculated as Units/mg protein. Superoxide
dismutase (SOD) activity was assayed according to the method described by
Marklund et al.19 and expressed as units/mg protein/min. Glutathione transferase
(GST) activity was estimated by using the substrate, 1-chloro-2,4-dinitrobenzene
(CDNB) by the method of Habig et al.20 and the activity expressed as nanomoles
of GS-CDNB formed/mg protein/minute. The lipid peroxidation (LPO) level as
malondialdehyde (MDA) was estimated by the method of Bhuyan et al.21 and
expressed as micromoles of MDA/g wet wt of tissue. Glutathione peroxidase
(GPX) activity was measured by the method of Martinez et al.22 and the activity
expressed as nanomoles of NADPH oxidized/mg protein/min.
Estimation of neurotransmitters: The levels of catecholamines and serotonin
were determined according to the method of Kari et al.23 5-Hydroxyindoleacetic
acid (5-HIA) and homovanillic acid (HVA) were estimated by the method of
Haubrich et al.24 using a JASCO FP-750 spectrofluorimeter. The amine content of
each tissue sample was expressed as micrograms of amine per gram wet weight of
tissue.
Assay for protein kinase C: Assay for PKC was performed using both protamine
sulfate and histone III-S as substrates. Protamine sulfate phosphorylation was
measured in duplicates (final volume 100 µL) containing 20 mM Tris-HCl (pH
7.5), 10 mM MgCl2, 80 µg protamine sulphate, 12.5 µM (γ-32P) – ATP (2 mCi/
µM), 4 µg leupeptin. The reaction was initiated by adding PKC at 30ºC and
incubating for 10 min. Incorporated radioactivity was determined by histone III-S
phosphorylation by the method of Singh et al.25 using a Beckman LS 1807 liquid
scintillation counter. Results are expressed as picomoles of 32P incorporated/min/
mg protein.
Nitric oxide synthase estimation: NOS activity in control and experimental
samples was determined by enzymatic conversion of [3H] arginine to [3H]
citrulline as described by Bredt et al.,26 was quantified by measuring the
radioactivity of the flow through fractions containing [3H] citrulline, and is
expressed as picomoles of citrulline/mg protein/min. The protein content in the
soluble fractions was determined by the folin-phenol reaction.27
Statistical analysis: Statistical analysis was carried out using one-way ANOVA
followed by Tukey’s multiple comparison test with significance set at p<0.05. The
analytical data are presented in the tables as Mean±SD.
RESULTS

The animals in groups II–V exposed to NaF for 14 days showed a significant
decrease (p<0.05) in body weight in a dosage-dependent manner compared with
the group I control animals (Figure 1). The organo-somatic brain index value was
also significantly reduced (p<0.05) in the NaF-exposed groups III, IV, and V
(Figure 2). The F content in the hippocampus and neocortex in the exposed rats
was significantly higher (p<0.05) than in the control group in a dose dependent
manner (Figure 3). As seen in Figure 4, the protein kinase C activity increased
significantly (p<0.05) in the hippocampus as well as the neocortex of groups IV
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and V compared with the control animals. Similarly, the neuronal NOS activity in
the hippocampus and neocortex of groups IV and V was significantly increased
(p<0.05) compared with the controls (Figure 5).

Figure 1. Effect of NaF
after 14 days on mean
body weight of rats. Values
are Mean±SD of six
animals per group. The
values of multiple
comparison test were
significant (p<0.05) among
groups I, II, III, IV, and V.
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Figure 2. Effect of NaF
after 14 days on organosomatic index of rat brain.
The values are Mean±SD
of six animals per group.
The values of multiple
comparison test were
significant (p<0.05) among
groups I, II, III, IV, and V.
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Figure 3. Fluoride levels
after 14 days in
hippocampus and
neocortex of brain in
control and NaF-treated
rats. Values are
expressed as Mean±SD
of six animals per group.
The values of multiple
comparison test were
significant (p<0.05)
among groups I, II, III, IV,
and V.
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Figure 4. Effect of NaF after
14 days on protein kinase C
(PKC) in hippocampus and
neocortex of brain in control
and NaF-treated rats. PKC
values are Mean±SD of six
animals per group. The
values of multiple
comparison tests were
significant (p<0.05) among
groups I, II, III, IV and V.
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Figure 5. Effect of F after
14 days on neuronal NOS
in hippocampus and
neocortex of brain in
control and NaF-treated
rats. nNOS values are
Mean±SD of six animals
per group. The values of
multiple comparison test
were significant (p<0.05)
among groups I, II, III, IV,
and V.
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As seen in Table 1 the activities of SOD, CAT, and GST enzymes in the
hippocampus and neocortex of all four NaF-exposed groups were significantly
decreased compared with the controls (p<0.05). The activities of XOD and GPX
and the level of LPO in the NaF groups were increased significantly (p<0.05) in a
dosage-dependent manner in comparison with controls. Table 2 shows the
significant increase (p<0.05) in the levels of dopamine, serotonin, 5hydroxyindoleacetic acid and homovanillic acid in the hippocampus and
neocortex of the NaF treated rats compared with the controls. On the other hand,
norepinephrine and epinephrine levels were decreased significantly (p<0.05) in
the hippocampus and neocortex of the NaF treated rats compared with the
controls.
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Table 1. Free radical enzymes in hippocampus and neocortex of brain in control and
NaF treated ratsa
Free radical
enzymes
Mean±SD

Group I
(Control)

Group II

Group III

Group IV

Group V

Neocortex
Catalase

5.22±0.10

4.73±0.08

4.12±0.10

3.42±0.08

2.88±0.10

GPX

4.06±0.13

4.92±0.10

5.29±0.10

5.72±0.10

6.11±0.13

GST

8.33±0.09

7.69±0.11

7.17±0.10

6.83±0.09

6.10±0.12

LPO(MDA)

4.16±0.11

4.79±0.11

5.18±0.12

5.73±0.09

6.03±0.15

SOD

5.79±0.11

5.18±0.11

4.73±0.10

3.76±0.13

3.30±0.12

XOD

1.43±0.09

2.04±0.14

2.31±0.08

2.82±0.11

3.13±0.11

Hippocampus
Catalase

3.73±0.09

3.12±0.12

2.74±0.11

2.17±0.10

1.73±0.12

GPX

2.47±0.42

2.81±0.09

3.23±0.10

3.85±0.12

4.29±0.10

GST

6.73±0.10

5.80±0.10

5.22±0.10

4.83±0.09

4.33±0.09

LPO(MDA)

2.26±0.11

2.85±0.11

3.10±0.12

3.32±0.09

3.69±0.10

SOD

3.37±0.09

2.81±0.09

2.25±0.11

1.80±0.12

0.91±0.10

XOD

0.21±0.08

0.78±0.11

1.05±0.13

1.33±0.09

1.73±0.09

a

The enzyme activities expressed as: Lipid peroxidation (LPO) (MDA-malondialdehyde)

(micromoles of MDA/gm wet wt of tissue), xanthine oxidase (XOD) (micromole of
formazan formed/mg protein/hr), superoxide dismutase (SOD) (Units/mg protein/minute),
Catalase (Units/mg protein/minute), glutathione-s-transferase (GST) (micromoles of
thioether formed/mg protein/min), glutathione peroxidase (GPX) (micromoles of NADPH
oxidized/mg protein/min). Values are Mean±SD of six animals per group. Statistical
analysis was carried out using one way ANOVA followed by Tukey’s multiple
comparison test and significance set at p<0.05. The values of multiple comparison test
were significant (p<0.05) among group I, II, III, IV and V.

DISCUSSION

The significant decrease in body weight and organo-somatic brain index of NaFtreated rats in this study is in agreement with earlier reports.2,28-29 Accumulation
of F in brain and in soft tissues has also been reported.2,30-31 Here we found the
proportional increase of F relative to body weight was higher in the hippocampus
than in the neocortex.
Under normal conditions the level of free radical production and elimination are
in a dynamic balance. However, under conditions of stress, free radicals are
pathogenic factors. The present study also revealed alterations in the levels of
antioxidants in the hippocampus and neocortex as a response to high F intake. The
decrease in antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT),
and glutathione transferase (GST), accompanied with an increase in the prooxidative markers lipid peroxidation (LPO) and xanthine oxidase (XOD) in the
NaF treated rats is suggestive of oxyradical release. Previous studies carried out on
mice treated with NaF (20 mg/kg bw) for 14 days revealed decreased SOD, CAT,
and GST activities in brain and gastrocnemius muscle.2 Other studies have also
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recorded increased LPO levels in the erythrocytes of fluorotic humans, in brain,
liver, kidney and ovary of experimental animals.29,32-36 The activities of GPX in
the brain markedly increased in rats exposed to 30 ppm and 100 ppm F in their
drinking water.29 The present results suggest that F enhances oxidative stress in
the brain, thereby disturbing the antioxidant defense, in agreement with earlier
studies.12-13,29,37-38 Increased oxidative stress could therefore be one of the
mediating factors in the pathogenesis of F toxicity in the brain as demonstrated
here with a dose-dependent effect of NaF on hippocampal oxidative stress.
Table 2. Neurotransmitter levels in hippocampus and neocortex of brain in control and
NaF treated rats with variable doses of NaFa
Neurotransmitters

Group I
(Control)

Group II

Dopamine

0.52±0.08

1.10±0.10

NE

0.94±0.08

0.68±0.08

Epinephrine

2.59±0.12

2.23±0.08

Mean±SD

Group III

Group IV

Group V

1.72±0.10

2.17±0.09

2.90±0.11

0.52±0.09

0.38±0.09

0.11±0.07

1.93±0.08

1.53±0.09

0.82±0.09

Neocortex

5-HIAA

2.32±0.11

2.82±0.10

3.22±0.08

3.69±0.11

4.05±0.12

HVA

0.31±0.10

1.31±0.09

1.74±0.11

2.18±0.11

2.84±0.13

Serotonin

1.20±0.12

1.82±0.09

2.26±0.08

2.78±0.11

3.31±0.08

1.53±0.08

1.89±0.12

Hippocampus
Dopamine

0.12±0.09

0.78±0.10

1.11±0.09

NE

1.91±0.10

1.57±0.07

1.07±0.09

0.62±0.09

0.25±0.07

Epinephrine

1.92±0.10

1.62±0.08

1.35±0.10

0.68±0.38

0.49±0.10

5-HIAA

1.48±0.08

1.91±0.09

2.24±0.11

2.74±0.10

2.97±0.10

HVA

0.16±0.10

0.42±0.08

0.92±0.08

1.11±0.10

1.29±0.10

Serotonin

0.33±0.08

0.92±0.09

1.25±0.11

1.81±0.11

2.06±0.12

a

All the neurotransmitter levels (dopamine, norepinephrine (NE), epinephrine, 5-hydroxy-

indoleacetic acid (5-HIAA), homovanillic acid (HVA), and serotonin) are expressed as
microgram per gram wet weight. Values are Mean±SD of six animals per group.
Statistical analysis was carried out using one way ANOVA followed by Tukey’s multiple
comparison test and significance set at p<0.05. The values of multiple comparison test
were significant (p<0.05) among group I, II, III, IV and V.

The protein kinase C (PKC) signaling pathway has been implicated in the
modulation of motor behavior as well as learning and memory.39 Earlier reports
showed increased PKC activation in rat hippocampus in response to long-term low
levels of heavy metal exposure.40 Exposure to NaF leads to activation of
polyphosphoinositide phospholipase C in rat cerebral cortex, resulting in an
increase in intracellular free calcium and activation of PKC through the secondary
messengers inositol triphosphate (IP3) and diacylglycerol, respectively.41-42 The
observed increase of PKC activity in hippocampus and neocortex of F treated
animals may result in effects on cognitive processes as demonstrated in a previous
study.39
The present results also corroborate the studies of earlier reports showing higher
levels of inducible nitric oxide synthase (iNOS) in the brain of rats exposed to
NaF.14 NOS is activated by calcium. Various oxidants such as superoxide,

108

Research report
Fluoride 40(2)101–110
April-June 2007

Dose-dependent effects of F on the hippocampus
and neocortex of rat brain
Chirumari, Reddy

108

hydrogen peroxide, hydroxyl radicals, and lipid peroxides increase intracellular
calcium and stimulate tyrosine as well as serine/threonine phosphorylation,
suggesting a possible physiological role of oxidants in regulating Ca2+ signaling.43
NaF activates the phosphoinositide cycle to increase intracellular levels of
calcium, secondary to IP3 production and activation of NOS through calmodulin.
Exposure to F also results in decreased acetylcholine esterase (AchE) in the
brains of rats and mice.7,12-13,44 The content of hypothalamic serotonin (5-HT) is
reported to increase during subacute fluorosis and decrease during chronic
fluorosis.45 Previous reports of effects of F on dopamine (DA),
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) metabolism
suggest paradoxical dose-response effects of F on the central nervous system.11,4648
A substantial increase in DA levels, as evidenced by an increase in its acid
metabolite HVA suggests a disturbance in catecholamine metabolism following
chronic F administration possibly influencing the level of L-tyrosine hydroxylase.
Decreased levels of norepinephrine (NE) and epinephrine may be due to the
enhanced release of catechol-O-methyl transferase caused by increased neuronal
activity. The present results also showed that biogenic amine levels in rat brain
were altered in a dose-dependent manner by the administration of F. The observed
changes in the biogenic amine levels may be the effect of F on the rates of
turnover, which, in turn, play a role in the maintenance of steady state levels of
biogenic amines in these tissues or they could be secondary to glutamate induced
(glutamanergic) influence on other neurotransmittters.
The present study, as far as we are aware, is the first to report altered levels of
PKC, nNOS, and neurotransmitter levels in the hippocampus and neocortex of rat
brain following NaF treatment. One mechanism explaining these F-related
findings is activation of the excitotoxic cascade.49 The most abundant
neurotransmitter in the brain, and especially in the hippocampus, is glutamate. Yet
excess activation of the glutamate receptors is known to be neurotoxic by a
process known as excitotoxicity. The ionotropic glutamate receptors (NMDA-Nmethyl-D-aspartate,
AMPA-alpha-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid/kainate) would most likely be involved because of the
increase in intraneuronal calcium. Essential to the excitotoxic cascade is the upregulation of PKC and NOS, again observed in this study with hippocampal
exposure to NaF.
It is known that blocking PKC and nNOS significantly attenuates excitotoxicity.
It is also known that excitotoxicity, in addition to generating abundant ROS and
LPOs, can itself be initiated by free radicals and lipid peroxidation products. A
number of studies have clearly shown that F increases brain ROS and LPO
activity.49 By inhibiting antioxidant enzymes, F magnifies the excitotoxic
response, since free radicals and LPO act as a positive feedback loop to
excitotoxicity. Likewise, F has been shown to inhibit mitochondrial enzymes,
which have also been shown to greatly magnify excitotoxicity.49 Finally, gliosis or
overgrowth of astrocytes, has been described in a number of cases of F-induced
neurotoxicity in the brain.49 Activation of brain microglia triggers excitotoxicity
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and has been shown to produce chronic neurodegeneration. However, the exact
mechanisms of these changes require further study.
In conclusion, this study found that NaF administered through intraperitoneal
injection to rats for 14 days at increasing dosages caused dose-dependent
neuroexcitotoxicity, triggering lipid peroxidation and free radical generated
oxidative stress, and affecting signaling processes including altered levels of PKC,
nNOS, and neurotransmitters. These alterations were significant and similar in
both the hippocampus and neocortex.
ACKNOWLEDGEMENTS

The authors extend their thanks to Coordinator, DRS-SAP, UGC of Department
of Zoology, Osmania University, for partial financial assistance. The experiments
were conducted following the rules and regulations of Department Zoology ethical
committee (383/01/a/CPCSEA) and comply with the laws of India.
REFERENCES
1 Geeraerts F, Gijs G, Finne E, Crokaert R. Kinetics of fluoride penetration in liver and brain.
Fluoride 1986;19:108-12.
2 Mullenix PJ, Denbesten PK, Schunior A, Kernan WJ. Neurotoxicity of sodium fluoride in rats.
Neurotoxicol Teratol 1995;17:169-77.
3 Vani ML, Reddy KP. Effects of fluoride accumulation on some enzymes of brain and
gastrocnemius muscle of mice. Fluoride 2000;33:17-26.
4 Ge YM, Ning HM, Wang SL, Wang JD. Comet assay of DNA damage in brain cells of adult rats
exposed to high fluoride and low iodine. Fluoride 2005;38:209-14.
5 Ge YM, Ning HM, Wang SL, Wang JD. Effects of high fluoride and low iodine on brain
histopathology in offspring rats. Fluoride 2005;38:127-32.
6 Wang JD, Ge YM, Ning HM, Wang SL. Effects of high fluoride and low iodine on oxidative stress
and antioxidant defense of the brain in offspring rats. Fluoride 2004;37:264-70.
7 Wang JD, Ge YM, Ning HM, Wang SL. Effects of high fluoride and low iodine on biochemical
indexes of the brain and learning-memory of offspring rats. Fluoride 2004;37:201-8.
8 Chen J, Chen X, Yang K. Effects of selenium and Zinc on the DNA damage caused by fluoride in
pallium neural cells of rats. Wei Sheng Yan Jiu 2000;29:216-7. [in Chinese].
9 Shan KR, Qi XL, Long YG, Nordberg A, Guan ZZ. Decreased nicotinic receptors in PC12 cells
and rat brains influenced by fluoride toxicity a mechanism relating to a damage at the level in
post-transcription of the receptor genes. Toxicology 2004;200:169-77.
10 Bhatnagar M, Rao P, Sushma J, Bhatnagar R. Neurotoxicity of fluoride: Neuro degeneration in
hippocampus of female mice. Indian J Exp Biol 2002;40:546-54.
11 Tsunoda M, Aizawa Y, Nakano K, Liu Y, Horiuchi T, Itai K, Tsunoda H. Changes in fluoride levels
in the liver, kidney and brain and in neurotransmitters of mice after subacute administration of
fluoride. Fluoride 2005;38:284-92.
12 Bhatnagar M, Rao P, Saxena A, Bhatnagar R, Meena P, Barbar S, Chouhan A, Vimal S.
Biochemical changes in brain and other tissues of young adult female mice from fluoride in their
drinking water. Fluoride 2006;39:280-84.
13 Wu C, Gu X, Ge YM, Zhang J, Wang JD. Effects of high fluoride and arsenic on brain
biochemical indexes and learning-memory in rats. Fluoride 2006; 39:274-79.
14 Xu S, Shu B, Chen Z. Effects of fluoride on activities of nitric oxide synthase in rat brain. Chin J
Endemiol 1999. [abstracted in Fluoride 2001;34:84]
15 Pillai KS, Mathai AT, Deshmukh PB. Acute toxicity of fluoride to mice. Fluoride 1987;20:68-70.
16 Birkeland JM. Direct potentiometric determination of fluoride in soft tooth deposits. Caries Res.
1970;4:243-55.
17 Govindappa S, Swami KS. Electrophoretic characteristics of subcellular components and their
relation to enzyme activities in the amphibian muscle fibre. Indian J Exp Biol 1965;3:209-12.
18 Chance B, Herbert D. The enzyme substrate compounds of bacterial catalase and peroxides.
Biochem J 1950;46:402-14.
19 Marklund S, Marklund G. Involvement of superoxide anion radical in the autoxidation of
pyrogallol and a convenient assay for superoxide dismutase. Eur J Biochem 1974;47:469-74.
20 Habig WH, Pabst MJ, Jakoby WB. Glutathione S-transferases. The first enzymatic step in
mercapturic acid formation. J Biol Chem 1974;249:7130-9.
21 Bhuyan KC, Bhuyan DK, Podos SM. Evidence of increased lipid peroxidation in cataracts. IRCS
Med Sci 1981;9:126-7.

110

Research report
Fluoride 40(2)101–110
April-June 2007

Dose-dependent effects of F on the hippocampus
and neocortex of rat brain
Chirumari, Reddy

110

22 Martinez JI, Launay JM, Dreux C. A sensitive fluorometric microassay for the determination of
glutathione peroxidaseactivity. Application to human blood platelets. Anal Biochem 1979;98:1549.
23 Kari HP, Davidson PP, Kohl HH, Kochhar MM. Effects of ketamine on brain monoamine levels in
rats. Res Commun Chem.Pathol Pharmacol 1978;20:475-88.
24 Haubrich DR, Denzer JS. Simultaneous extraction and fluorometric measurement of brain
serotonin, catecholamines, 5-hydroxy-indoleacetic acid and homovanillic acid. Anal Biochem
1973;55:306-12.
25 Singh SS, Chauhan A, Brockerhoff H, Chauhan VP. Activation of protein kinase C by
phosphatidylinositol 3,4,5-triphosphate. Biochem Biophys Res Commun 1993;195:104-12.
26 Bredt DS, Snyder SH. Nitric oxide mediates glutamate-linked enhancement of cGMP levels in
the cerebellum. Proc NatlAcad Sci 1989;86:9030-3.
27 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with folin phenol reagent.
J Biol Chem 1951;193:265-75.
28 Shashi A. Histopathological changes in rabbit testes during experimental fluorosis. Folia Morphol
1990;38:63-5.
29 Pushpalatha T, Srinivas M, Sreenivasula Reddy P. Exposure to high fluoride concentration in
drinking water will affect spermatogenesis and steroidogenesis in male albino rats. Biometals
2005;18:207-12.
30 Shivarajashankara YM, Shivashankara AR, Bhat PG, Rao SH. Brain lipid peroxidation and
antioxidant systems of young rats in chronic fluoride intoxication. Fluoride 2002;35:197-203.
31 Liu K, Wang GQ, Ma LY, Jang P, Xiao BY, Zhang C. Adverse effects of combined arsenic and
fluoride on liver and kidney in rats. Fluoride 1999;32:243-7.
32 Shivashankara AR, Shivarajashankara YM, Bhat PG, Rao SH. Lipid peroxidation and antioxidant
defense system in liver of rats in chronic fluoride toxicity. Bull Environ Contam Toxicol
2002;68:612-6.
33 Shivarajashankara YM, Shivashankara AR, Rao SH, Bhat PG. Oxidative stress in children with
endemic skeletal fluorosis. Fluoride 2001;34:103-7.
34 Shivarajashankara YM, Shivarajashankara AR, Bhat PG, Rao SH. Effects of fluoride intoxication
on lipid peroxidation and antioxidant system in rats. Fluoride 2001;34:108-13.
35 Kumari DS, Rao PR. Red cell membrane alterations in human chronic fluoride toxicity. Biochem
Int 1991;23:639-48.
36 Patel PD, Chinoy NJ. Influence of fluoride on biological free radical reactions in ovary of mice
and its reversal [abstract]. Fluoride 1998;31:S 27.
37 Inkielewicz I, Krechniak J. Fluoride effects on glutathione peroxidase and lipid peroxidation in
rats. Fluoride 2004;37:7-12.
38 Chlubek D. Fluoride and oxidative stress. Fluoride 2003;36:217-28.
39 Chen SJ, Sweatt JD, Klann E. Enhanced phosphorylation of the postsynaptic protein kinase C
substrate RC3/neurogranin during long-term potentiation. Brain Res 1997;749:181-7.
40 Chen HH, Ma T, Paul IA, Spencer JL, Ho IK. Developmental lead exposure and two-way active
avoidance training alter the distribution of Protein kinase C activity in the rat hippocampus.
Neurochem Res 1997;22:1119-25.
41 Kendall DA, Nahorski SR. Dihydropyridine calcium channel activators and antagonists influence
depolarization-evoked inositol phospholipid hydrolysis in brain. Eur J Pharmacol 1985;115:31-6.
42 Litosch I. Guanine nucleotide and NaF stimulation of phospholipase C activity in rat cerebralcortical membranes. Studies on substrate specificity. Biochem J 1987;244:35-40.
43 Suzuki YJ, Forman HJ, Sevanian A. Oxidants as stimulators of signal transduction. Free Radic
Biol Med 1997;22:269-85.
44 Shah SD, Chinoy NJ. Adverse effects of fluoride and/or arsenic on the cerebral hemisphere of
mice and recovery by some antidotes. Fluoride 2004;37:162-71.
45 Yuan SD, Xie QW, Lu FY. Changes of serotonin content and turnover rate in hypothalamus of
female rat during fluorosis. Fluoride 1993;26:57-60.
46 Isaacson RL, Varner JA, Jensen KF. Toxin-induced blood vessel inclusions caused by chronic
administration of aluminium and sodium fluoride and their implications for dementia. Ann N Y
Acad Sci 1997;825:152-66.
47 Varner JA, Jensen KF, Horvath W, Isaacson RL. Chronic administration of aluminum-fluoride or
sodium fluoride to rats in drinking water: alterations in neuronal and cerebrovascular integrity.
Brain Res 1998;784:284-98.
48 Burgstahler AW. Paradoxical dose-response effects of fluoride [editorial]. Fluoride 2002;35:1437; 230.
49 Blaylock RL. Excitotoxicity: a possible central mechanism in fluoride neurotoxicity. Fluoride
2004;37:301–14.
Copyright © 2007 International Society for Fluoride Research.
www.fluorideresearch.org
www.fluorideresearch.com
www.fluorideresearch.net
Editorial Office: 727 Brighton Road, Ocean View, Dunedin 9035, New Zealand.

