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Abstract

Background and purpose: NAD has been reported to improve the dementia of the Alzheimer type or sensory register, short- and long-term

memory loss in the aged. Although nicotinamide has been confirmed to decrease infarct volumes and neurological deficit findings in several

animal stroke models, it is not clear whether its neuroprotective effects can prevent memory damage sequelae. Methods: We have addressed

this topic by designing two behavioral paradigms. A memory impairment and cognitive change model was used in mice following 1-methyl-

4-phenyl-l, 2, 3, 6-tetrahydropyridine (MPTP) exposure. Step-down and step-through tests were performed to examine the effects of

nicotinamide on learning and memory impairment. Results: It was found that the early administration of nicotinamide (2 h after the injection

of MPTP) could decrease error numbers, lessen stimulation time and prolong residence duration on the safety platform in the step-down test.

Delayed administration of nicotinamide resulted in decreased effects. Similar results were found in the step-through test. Nicotinamide

administrated 12 h after the induction of a memory-impairment model still exerted its effects on memory dysfunction. Conclusions: The

injection of MPTP can cause a loss of brain functions including learning and memory. Learning and memory dysfunction probably occurs

secondary to damage to arterioles and dopaminergic neurons by MPTP. By inhibiting oxidative stress, increasing NAD synthesis and ATP

production and inhibiting poly (ADP-ribose) polymerase, nicotinamide is known to rescue the still viable, but injured, cells. This rescue

process may partially restore learning and memory.
D 2004 Elsevier Inc. All rights reserved.
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1. Introduction common form is subcortical ischemic VaD caused by small-
Vascular dementia (VaD) is the second most common

cause of dementia in the elderly, after Alzheimer’s disease

(AD). VaD is defined as a loss of cognitive function

resulting from ischemic or hemorrhagic brain lesions due

to cerebrovascular disease. Diagnosis requires the following

criteria: cognitive loss, often predominantly subcortical;

vascular brain lesions, demonstrated by imaging; a temporal

link between stroke and dementia; and exclusion of other

causes of dementia. Poststroke VaD may be caused by large-

vessel disease caused by multiple strokes (multi-infarct

dementia) or by a single stroke (strategic stroke VaD). A
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vessel occlusions with multiple lacunas and by hypoperfu-

sive lesions resulting from stenosis of medullary arterioles,

as in Binswanger’s disease (Roman, 2003). An animal VaD

model has been reported in rats following the embolization

of the right middle cerebral artery and subsequent reperfu-

sion (Nagasawa and Kogure, 1990). In the current study,

MPTP has been used to model vascular damage in the brain.

MPTP is known to damage arterioles in the brain (Adams et

al., 1989, 1991). Of course, MPTP also damages dopami-

nergic neurons in the midbrain (Adams et al., 1989).

Risk factors possibly associated with dementia after

strokes include advancing age, previous cerebral or myo-

cardial infarction, an atherothrombotic stroke mechanism

and cerebral atrophy (Kase, 1991). In recent years, interest

in the vascular causes of dementia has increased. It has been

proposed that VaD may be more common than previously
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supposed. This may have important implications because

VaD, at present, may be more amenable to prevention and

treatment than AD is (Skoog, 1994). Memory deficits in AD

have been reported to improve following NAD administra-

tion (Birkmayer, 1996).

Nicotinamide does not enhance learning and memory in

normal rodents (Koppen et al., 1996). However, nicotin-

amide has been confirmed to inhibit neuronal necrosis and

apoptosis effectively by the inhibition of DNA fragmenta-

tion and the rapid repair of DNA damage. As an essential

precursor of NAD + and a PARP inhibitor, nicotinamide

prevents the depletion of NAD + and protects against the

decreased production of ATP (Klaidman et al., 1996).

Delayed treatment with nicotinamide improved neurological

outcome and reduced infarct volume after transient focal

ischemia in Wistar rats, even when administered up to 2

h after the onset of stroke, and improved both the anatomic

and functional indices of brain damage (Mokudai et al.,

2000). Posttreatment with nicotinamide reduced infarct

volume following permanent focal cerebral ischemia in

female Sprague–Dawley or Wistar rats. The neuroprotec-

tion observed was more robust when administered as an

intravenous bolus compared with intraperitoneal adminis-

tration (Ayoub et al., 1999; Sakakibara et al., 2000).

To observe whether the neuroprotection of nicotinamide

against cerebral ischemia and reperfusion is closely related to

the prevention of VaD, we used a rodent memory impairment

and cognitive change model induced by MPTP (Miyoshi et

al., 2002). Mice treated with MPTP have been reported to be

comparable with controls in T-maze delayed alternation, with

fixed delays, but were impaired when trials with mixed 20-

and 120-s delays were presented, indicative of a spatial

working memory impairment. The impairment in spatial

working memory after MPTP exposure in mice parallels

the findings in MPTP-treated monkeys (Fernandez-Ruiz et

al., 1995; Tanila et al., 1998). Male mice treated with MPTP

have been reported to suffer from severely disrupted habitu-

ation–dishabituation response profiles and significantly re-

duced concentrations of norepinephrine within the olfactory

bulb and hippocampus. These results suggest that in addition

to its putative effects upon the nigrostriatal dopaminergic

system andmotor behavior,MPTP is also exerting substantial

effects upon other systems, in particular, the noradrenergic

system, which may be involved in memory/recognition

processes (Dluzen and Kreutzberg, 1993).

In this study, MPTP-treated mice were tested in step-

down and step-through paradigms. Both passive and active

avoidance responses were observed and automatically

recorded. A possible improvement induced by nicotinamide

on learning impairment and memory loss was investigated.
2. Materials and methods

Male Kuming mice (Grade II, Certificate No. WSD-002),

aged 8 weeks and weighing 22–26 g, were supplied by the
Department of Experimental Animals, Anhui Institute of

Medical Sciences. The animals were housed in plastic

cages, with free access to food and water, except during

behavioral experiments, and kept in a regulated environ-

ment, 20F 1 jC under a 12-h light/dark cycle. The animal

experiments conformed to the current ‘‘Regulations on the

Use and Care of Laboratory Animals’’ and were approved

by the Animal Care and Use Committee in Anhui Institute

of Medical Sciences.

2.1. Induction of learning and memory dysfunction by

injection of MPTP

MPTP was dissolved in sterile saline at a concentration

of 1 mg/ml and stored at 4 jC. Nicotinamide was dissolved

in sterile distilled water at a concentration of 20 mg/ml and

stored at 4 jC. After the first-day of training, the mice in the

control group were injected twice with saline. The mice in

the other groups were injected twice with MPTP 25 mg/kg

ip at an interval of 2 h. The mice were tested 24 h later in

learning and memory paradigms.

2.2. Administration of nicotinamide

Nicotinamide was administrated intraperitoneally to mice

in doses of 500 mg/kg. Nicotinamide was given to mice at 0,

2, 6 or 12 h after the second injection of MPTP. Vehicle

solution in the same volume was given to the control group.

2.3. Step-down passive avoidance test

The apparatus consisted of an acrylic box with a stainless

steel grid floor. A platform was fixed at the end of the box.

Electric shocks (36 V) were delivered to the grid floor for 3

s with an isolated pulse stimulator. At the beginning of

training, the mice were placed on the platform to adapt for 2

min. When the mouse stepped down and placed all its paws

on the grid floor, it would jump to the platform as a shock

was delivered. Step-down latency (time of staying on the

platform), the number of errors and the total stimulation

time were recorded for 5 min and repeated 24 h after

training. Following the first training session, the mice were

injected with MPTP. A possible alteration of passive avoid-

ance was examined 24 h later.

2.4. Step-through active avoidance test

The apparatus consisted of a standard rectangular shuttle

box with plexiglass walls, the floor of which was a stainless

steel grid floor. The box was divided into two compartments

with a plate. There was a hole at the bottom of the plate, by

which mice could shuttle freely between the compartments.

Two lamps, as signals in the ceiling of each compartment,

were set up to alternate between 10 s of light followed by 20

s of electric shocks (36 V) delivered to the grid floor. For

training, each mouse was placed in one of the compart-



Table 2

Nicotinamide (NAM) amelioration of learning and memory dysfunction in

MPTP-treated mice (25 mg/kg ip� 2) 24 h after training, as assessed by the

shuttle-box test

Group Dose

(mg/kg)

Latency

(s)

Stimulation

time (s)

Number of

escapes

Avoidance

numbers

Control – 4.2F 2.2 4.5F 2.4 1.2F 1.2 12.8F 3.5

MPTP model 25 2.1F1.6a 8.1F 2.6a 1.4F 1.1 14.6F 2.5

NAM (0 h) 500 3.2F 1.8 5.5F 2.3c 1.3F 1.0 13.2F 3.0

NAM (2 h) 500 2.9F 1.3 6.9F 1.2 1.4F 1.3 13.1F1.9

NAM (6 h) 500 3.0F 1.4 8.0F 2.5 1.0F 1.2 14.4F 2.9

NAM (12 h) 500 2.5F 1.5 7.8F 2.9 1.2F 1.3 15.1F 3.0

Nicotinamide (500 mg/kg) was given at different times after the injection of

MPTP.

Values are meansF S.E.M. There were 12 mice in each group. One mouse

died after the injection of MPTP in a nicotinamide (12 h) group. Compared

with the values in the control group, the early administration of

nicotinamide (0 h after the onset of brain oxidative stress) exerted a

significant reduction in stimulation time.
a P < .01 vs. the control group.
b
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ments. It would go to the other compartment as it was

shocked by an isolated pulse stimulator. The active escape

latency (escape following a lamp signal), the accumulated

stimulation time, the active escape numbers and the passive

avoidance numbers (to avoid an electric shock) were

recorded automatically during 30 shuttles. After the first

training session, the mice were injected with MPTP. After

24 and 48 h, the mice were tested to examine their active

avoidance ability.

2.5. Statistical analysis

The group size for the assessment of learning and

memory ability from the various nicotinamide treatment

groups and the group treated with vehicle was 12 mice, at

least. The data were expressed as meansF S.E.M. ANOVA

and Newman Keul’s test were used. P values less than .05

were considered significant.

P < .01 vs. the MPTP model group, by ANOVA and Newman-Keul’s

test.
c P < .01 vs. the control group.
3. Results

3.1. Step-down passive avoidance test

This test was used as an evaluation of passive learning

and is a standard test used in learning and memory research.

All mice developed a remarkable loss of learning and

memory 24 h after the injection of MPTP (Table 1).

Compared with the control group, stimulation time and

error numbers in the MPTP model group were increased

significantly, but latency was decreased significantly. After

treatment with nicotinamide, all indices in the MPTP-treated

groups were obviously improved. Following the adminis-

tration of 500 mg/kg of nicotinamide, 0 or 2 h after the
Table 1

Nicotinamide (NAM) amelioration of learning and memory dysfunction in

MPTP-treated mice (25 mg/kg ip� 2) 24 h after training, as assessed by the

step-down test

Group Dose

(mg/kg)

Latency (s) Stimulation

time (s)

Error

numbers

Control – 270F 29 29F 24 3F 3

MPTP model 25 186F 55a 123F 57a 14F 5a

NAM (0 h) 500 234F 30b 66F 28c 7F 4c

NAM (2 h) 500 242F 23c 58F 26c 6F 4c

NAM (6 h) 500 207F 33 92F 29 10F 5

NAM (12 h) 500 210F 41 89F 39 10F 6

Nicotinamide (500 mg/kg) was given at different times after the second

injection of MPTP.

Values are meansF S.E.M. There were 12 mice in each group. One mouse

died after the injection of MPTP in a nicotinamide (12 h) group. Compared

with the values in the control group, the early administration of

nicotinamide (not more than 2 h after the onset of brain oxidative stress)

exerted significant improvements in learning and memory dysfunction.
a P < .01 vs. the control group.
b P< .05 vs. the MPTP model group, by ANOVA and Newman-Keul’s

test.
c P < .01 vs. the MPTP model group, by ANOVA and Newman-Keul’s

test.
injection of MPTP, latency was increased significantly

(P < .05 or .01). Both stimulation time and error numbers

were reduced significantly (P < .01).

3.2. Step-through active avoidance test after 24 h

This test was used as an evaluation of active learning

processes and is a standard test used in learning and memory

research. All animals were tested in the step-through box 24

h after the first day of training (Table 2). It was found that

mice in the MPTP model group showed slow responses to

electrical stimulation. There were significant reductions in
Table 3

Nicotinamide (NAM) amelioration of learning and memory dysfunction in

mice treated with MPTP (25 mg/kg ip� 2) 48 h after training, as assessed

by the shuttle-box test

Group Dose

(mg/kg)

Latency

(s)

Stimulation

time (s)

Number of

escapes

Avoidance

numbers

Control – 4.0F 1.6 4.3F 2.6 1.1F 0.9 11.4F 3.7

MPTP 25 2.3F 1.7a 7.9F 1.8b 1.3F 1.2 15.1F 2.1b

NAM (0 h) 500 3.6F 1.9 4.8F 2.1c 1.2F 1.1 13.0F 2.4

NAM (2 h) 500 3.5F 1.8 5.2F 2.0c 1.4F 1.1 13.7F 1.8

NAM (6 h) 500 3.6F 1.5 6.0F 1.9d 0.9F 1.3 13.9F 2.7

NAM (12 h) 500 2.6F 1.4 5.8F 2.3d 1.0F 1.3 14.6F 2.9

Nicotinamide (500 mg/kg) was given at different times after the injection of

MPTP.

Values are meansF S.E.M. There were 12 mice in each group. One mouse

died after the injection of MPTP in a nicotinamide (12 h) group. Compared

with the values in the control group, the early administration of

nicotinamide (0 h after onset of brain oxidative stress) exerted a significant

reduction in stimulation time.
a P < .01 vs. the control group.
b P < .01 vs. the control group.
c P < .01 vs. the MPTP model group, by ANOVA and Newman-Keul’s

test.
d P < .05 vs. the MPTP model group, by ANOVA and Newman-Keul’s

test.
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active escape latency and increases in stimulation time.

Although, to some extent, nicotinamide treatment at differ-

ent time intervals after the onset of oxidative stress provided

improvement in learning and memory dysfunction, signifi-

cant reductions in stimulation time were only observed in

one group treated with nicotinamide (0 h).

3.3. Step-through active avoidance test after 48 h

All animals were tested in the step-through box, again,

48 h after the first day of training (Table 3). Besides slow

responses in escape latency and stimulation time, significant

increases in avoidance numbers were found in the MPTP

model group. This implies that learning and memory dam-

age were aggravated at 48 h. In groups treated with

nicotinamide at different time intervals (0–12 h after the

injection of MPTP), the stimulation time that the mice

received was significantly reduced. Although the adminis-

tration of nicotinamide led to improvements in escape

latency and avoidance numbers, no significant differences

were observed in those groups.
4. Discussion

Nicotinamide is a PARP inhibitor and can be used to

maintain cellular energetics. It prevents ATP depletion by

preventing NAD depletion (Yang et al., 2002b). This helps

prevent necrosis and apoptosis in the brain. Nicotinamide

protects brain function following focal ischemia and reper-

fusion, as assessed by neurological deficit (Yang et al.,

2002a). However, nicotinamide, at doses of 500 mg/kg and

below, has been shown to not increase learning and memory

in normal rats (Koppen et al., 1996). At a very high dose,

1000 mg/kg, nicotinamide impaired learning and memory

due to a sedative effect (Koppen et al., 1996). A PARP

inhibitor, 5-iodo-6-amino-1,2-benzopyrone, was not found to

increase learning and memory in normal animals but did

increase learning and memory when used as a neuroprotec-

tive agent in traumatic brain damage (Satchell et al., 2003).

Nicotinamide appears to work in a similar manner. It is

neuroprotective and can prevent the loss of learning and

memory in our model of vascular damage. However, it has no

ability to increase learning and memory in the normal brain.

The latest research from our laboratory indicates that the

early administration of nicotinamide can effectively inhibit

the development of stroke and protect the viable, but

injured, neurons (Yang et al., 2002a). In a rat transient focal

cerebral ischemia model, induced by middle cerebral artery

occlusion for 90 min, systemic dose-response and time-

effect studies were designed. It was found that nicotinamide

injected during the first 6 h of reperfusion could effectively

inhibit the development of brain damage. The optimal dose

of nicotinamide was 500 mg/kg and gave a maximal

response. The administration of nicotinamide at a suitable

dosage significantly prevents necrotic and apoptotic brain
injury after focal ischemia reperfusion (Yang et al., 2002a).

Similar research on the therapeutic window of nicotinamide

was conducted in a model of stroke (Ayoub and Maynard,

2002). At 2, 4 or 6 h after the onset of transient (2 h) focal

cerebral ischemia, Wistar rats received either saline or

nicotinamide (500 mg/kg). Sensory and motor behavioral

scores were obtained before surgery, 2 h, and 3 and 7 days

after the stroke onset. Cerebral infarct volumes were mea-

sured on Day 7 after the stroke. Nicotinamide given 4 or 6

h after stroke onset significantly (P < .05) reduced cerebral

infarction and improved behavioral scores, respectively,

compared with saline-injected animals.

It is very clear that the amelioration by nicotinamide of

memory dysfunction induced by MPTP is closely related to

its mechanism of neuroprotection. We have previously

shown that nicotinamide prevents necrosis and apoptosis

in the brains of MPTP-treated mice (Mukherjee et al., 1997).

In addition to improvements in the passive avoidance test,

the effects of nicotinamide in active avoidance tests indicate

that it promotes learning and memory. The protective effects

of nicotinamide were greater in the active avoidance test

because nicotinamide partially prevents apoptosis that is

maximal at 24–48 h. Recovery for 48 h may give the brain

time to recover from the apoptosis process. Nicotinamide

appears to rescue the still viable, but injured, nerve cells and

partially restores learning and memory.
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