
ALZHEIMER’S DISEASE AND RELATED DISORDERS - ORIGINAL ARTICLE

Abnormal short latency afferent inhibition in early Alzheimer’s
disease: a transcranial magnetic demonstration

Raffaele Nardone Æ Jürgen Bergmann Æ Martin Kronbichler Æ Alexander Kunz Æ
Stefanie Klein Æ Francesca Caleri Æ Frediano Tezzon Æ Gunther Ladurner Æ
Stefan Golaszewski

Received: 4 April 2008 / Accepted: 18 September 2008 / Published online: 8 October 2008

� Springer-Verlag 2008

Abstract The pathogenesis of Alzheimer’s disease (AD)

appears to involve several different mechanisms, the most

consistent of which is an impairment of cholinergic neu-

rotransmission; however, there is controversy about its

relevance at the early stage of disease. A transcranial

magnetic stimulation (TMS) protocol based on coupling

peripheral nerve stimulation with motor cortex TMS (short

latency afferent inhibition, SAI) may give direct informa-

tion about the function of some cholinergic pathways in the

human motor cortex. We evaluated SAI in a group of

patients with early diagnosis of AD and compared the data

with that from a control group. The amount of SAI was

significantly smaller in early AD patients than in controls.

This study first provides physiological evidence that a

central cholinergic dysfunction occurs in the earlier stages

of AD. Identification of SAI abnormalities that occur early

in the course of AD will allow earlier diagnosis and

treatment with cholinergic drugs.
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Introduction

In animals, the cholinergic system has been implicated in a

variety of activities including memory, learning and

attention (Smith 1988). Although damage to multiple

neurotransmitter systems have been implicated in the

pathogenesis of Alzheimer’s disease (AD), impairment of

cholinergic function is believed to be of particular impor-

tance (Bartus et al. 1982; Reinikainen et al. 1990; Bierer

et al. 1995; Kasa et al. 1997; Mufson et al. 2000). Basal

forebrain cholinergic neurons (BFCNs), which provide the

major cholinergic input to hippocampal and cortical

regions, are known to undergo selective and severe

degeneration in AD (Davies and Maloney 1976; White-

house et al. 1981). In addition, decreased cholinergic

neurotransmission has been demonstrated to correlate with

cognitive impairment in patients with AD (Perry et al.

1978; Shinotoh et al. 2000).

Mesulam et al. (2004) demonstrated that cytopathology

in cortical cholinergic pathways is a very early event in the

course of the continuum that leads from advanced age to

MCI (mild cognitive impairment) and AD. However, most

descriptions of neurochemical and neuropathological

changes in AD have been based generally on findings in

brains of late-stage or terminal AD patients. Moreover,

there are a few in vivo studies that indicate a significant

impairment of the cholinergic system very early in AD, and

they are subject to methodological limitations such as very

small subject numbers (Nordberg et al. 1995; Iyo et al.

1997; Kuhl et al. 1994; Herholz et al. 2000; Rinne et al.

2003; Bohnen et al. 2007; O’Brien et al. 2007). Conse-

quently, it remains relatively unclear how early in the

course of the disease neurochemical and neuropathological

alterations occur. Neurobiological changes should be

examined earlier in the disease process, when presumably
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they are more relevant for the pathogenesis of AD. In

particular, the role of the central cholinergic system in

early AD needs to be further investigated in view of

implications for treatment with cholinergic agents. Early

detection of AD is now increasingly important as research

advances with respect to therapeutic interventions. Func-

tional neuroimaging techniques (SPECT, PET, and f-MRI)

are useful for the early diagnosis of AD (Almkvist and

Winblad 1999), but they are prohibitively expensive and/or

require injection of radioactive tracer compounds. Accurate

and inexpensive tools are clearly needed.

In vivo evaluation of some cholinergic circuits of the

human brain has recently been introduced using a trans-

cranial magnetic stimulation (TMS) protocol based on

coupling electrical stimulation of peripheral nerves with

TMS of the motor cortex. Peripheral nerve inputs have an

inhibitory effect on motor cortex excitability at short

intervals (Tokimura et al. 2000). This inhibitory phenom-

enon, named short latency afferent inhibition (SAI), is

facilitated by cholinergic activity as demonstrated by its

sensitivity to the muscarinic blockade (Di Lazzaro et al.

2000), even if it is still unknown whether different neuro-

transmitters such as glutamate, GABA, or dopamine are

also involved in the regulation of SAI.

In this study, we evaluated SAI to explore central cho-

linergic activity in early AD, together with a number of

other excitatory and inhibitory circuits through different

TMS paradigms.

Materials and methods

Patients

We examined 17 patients (ten men and seven women,

mean age 68.4 years, range 58–74 years) with a diagnosis

of probable AD according to the NINCDS-ADRDA criteria

(McKhann et al. 1984) and 22 age-matched neurologically

healthy controls (12 men and 10 women, mean age

70.4 years, range 62–73 years).

Participants had a clinical diagnosis of probable AD in

the very mild [Clinical Dementia Rating (CDR) 0.5] or

mild (CDR 1) dementia stage. The CDR is a widely used

dementia staging instrument; participants who had a CDR

0.5 or CDR 1 together represent early-stage AD.

There was a progress monitoring of the examined

patients; all the patients showed cognitive worsening over

the next 2–3 years.

Exclusion criteria were: symptoms onset more than

6 months previously, age at onset older than 75 years and

presence of other major medical illness.

None of the patients were treated with anticholinergic

drugs before the study. Administration of all drugs that

affect motor cortex excitability in patients and control

subjects was discontinued at least 2 weeks before the

study.

Patients provided informed consent before participation

in this study, which was performed according to the Dec-

laration of Helsinki and approved by the institutional

Ethics Committee.

Transcranial magnetic stimulation

Magnetic stimulation was performed with a High-power

Magstim 200 (Magstim Co., Whitland, Dyfed, UK). A

figure-of-eight coil with external loop diameters of 9 cm

was held over the motor cortex at the optimum scalp

position to elicit motor responses in the contralateral first

dorsal interosseous (FDI) muscle. The dominant hemi-

sphere was selected for stimulating patients and healthy

subjects. Motor evoked potentials (MEPs) were recorded

via two 9 mm diameter Ag–AgCl electrodes with the

active electrode applied over the motor point of the muscle

and the reference on the metacarpophalangeal joint of the

index finger. Motor responses were amplified and filtered

(bandwidth 3–3000 Hz) by D150 amplifiers (Digitimer,

Welwyn Garden City, Herfordshire, UK).

SAI was studied using the recently described technique

(Tokimura et al. 2000).

Conditioning stimuli were single pulse (200 ls) of

electrical stimulation (with the cathode positioned proxi-

mally) applied through bipolar electrodes to the median

nerve at the wrist. The intensity of the conditioning stimuli

was set just above the motor threshold necessary to evoke a

visible twitch of the thenar muscles. The intensity of the

test cortical magnetic shock was adjusted to evoke a

muscle response in relaxed FDI with an amplitude of

approximately 1 mV peak-to-peak. The conditioning

stimulus to the peripheral nerve preceded the test magnetic

cortical stimulus. Interstimulus intervals (ISIs) were

determined relative to the latency of the N20 component of

the somatosensory evoked potential evoked by stimulation

of the median nerve. The active electrode for recording the

N20 potential was attached 3 cm posterior to C3 (10–20

system), and the reference was 3 cm posterior to C4. Five

hundred responses were averaged to identify the latency of

N20 peak. ISIs from the latency of the N20 component plus

2 ms to the latency of the N20 component plus 8 ms were

investigated in steps of 1 ms, because at these intervals

there is a clear inhibition of the MEPs and of corticospinal

volleys evoked by TMS (Tokimura et al. 2000).

Five stimuli were delivered at each ISI. We calculated

an average of the MEP obtained after cortical magnetic

stimulation alone and of the MEP obtained by conditioning

cortical magnetic stimulus with a peripheral stimulus to the

median nerve at the wrist at the seven different ISIs
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studied. The amplitude of the conditioned MEP was

expressed as percentage of the amplitude of the test MEP.

The percentage inhibition of the conditioned responses at

the seven different ISIs was averaged to obtain a grand

mean. Subjects were given audio–visual feedback at high

gain to assist in maintaining complete relaxation.

In addition to SAI, we evaluated the following TMS

parameters: the resting and active motor threshold of MEP;

the central motor conduction time (CMCT); the short

latency intracortical inhibition (SICI) and intracortical

facilitation (ICF) to paired TMS. The meaning of these

measures of motor cortex excitability has been summarized

in recent reviews (Hallett 2000; Ziemann 2002; Rothwell

2003).

Resting motor threshold (RMT) was defined as the

minimum stimulus intensity that produced a liminal motor

evoked response (about 50 lV in 50% of ten trials) at rest.

Active motor threshold (AMT) was defined as the mini-

mum stimulus intensity that produced a liminal motor

evoked response of about 200 lV in 50% of ten trials

during isometric contraction of the tested muscle at about

10% maximum.

CMCT was calculated by subtracting the peripheral

conduction time from spinal cord to muscles from the

latency of responses evoked by cortical stimulation with

the formula:

MEP latency� F latencyþM latency � 1ð Þ=2

(Rossini et al. 1994).

Intracortical inhibition and facilitation were studied

using the technique of Kujirai et al. (1993). Using a Bistim

module, two magnetic stimuli were given through the same

stimulating coil over the motor cortex and the effect of the

first (conditioning) stimulus on the second (test) stimulus

was investigated. The intensity of the conditioning stimulus

was set to 90% AMT; the second, test, shock intensity was

adjusted to evoke a muscle response in relaxed FDI with an

amplitude of approximately 1 mV.

The timing of the conditioning shock was altered in

relation to the test shock. Inhibitory interstimulus intervals

(ISIs) of 3 ms and facilitatory ISIs of 10 ms were investi-

gated. Ten stimuli were delivered at each ISI. For these

recordings, muscle relaxation is very important and the

subject was given audio–visual feedback at high gain to

assist in maintaining complete relaxation. The presentation

of conditioned and unconditioned trials was randomised.

The amplitude of the conditioned EMG responses was

expressed as the percentage of the amplitude of the test

EMG responses. The amplitude of the conditioned

responses was averaged obtaining grand mean amplitudes

of the inhibitory and of the facilitatory ISIs.

To clarify a possible spinal or peripheral contribution on

the motor cortex excitability parameters, supramaximal

stimulation (0.2-ms square-wave constant current pulsies)

of the ulnar nerve at the wrist was used to assess spinal and

peripheral motor excitability. While FDI was relaxed, the

peak-to-peak amplitude of F waves (average, 20 trials) and

CMAP (maximum, 3 trials) were determined.

Statistical analysis

The electrophysiological parameters of the SIVD patients

were analyzed separately and compared with those of the

control subjects by means of Mann–Whitney tests. The

level of significance was set at 0.05.

The relation between different variables was evaluated

by means of the Spearman’s r correlation coefficient.

Results

The mean amount of SAI was significantly smaller in the

early AD patients (mean responses reduced to 67.4 ± 14.2%

of test size) than in normal controls (mean responses reduced

to 42.8 ± 13.8% of test size; P \ 0.05, Mann–Whitney test,

N1 = 17, N2 = 22) (Fig. 1).

RMT, AMT, CMCT, SICI, ICF, F-wave and CMAP

were similar in both groups (P [ 0.05, Mann–Whitney

test, N1 = 17, N2 = 22).

The neurophysiological data are summarized in the

Table 1.

SAI values did not correlate significantly with the CDR

scores, the patient’s age and the duration of the disease

(P [ 0.01; Spearman’s r).

Discussion

The early discovery of acetylcholine (ACh) deficiency

(Perry et al. 1978) singled out the loss of this neurotrans-

mitter as one reason for the cognitive dysfunction in AD.
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Fig. 1 Column graph showing mean values for short latency afferent

inhibition (SAI) in patients with early Alzheimer’s disease (AD) and

in control subjects; error bars are SD
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Several studies support the cholinergic hypothesis (Bartus

1979; Bartus and Emerich 1999), even if little is known

about the dynamic processes that underlie the cognitive

dysfunction and neuropathology. Moreover, it is currently

unclear whether impairment of the cholinergic system is

present in AD already at an early stage.

Degeneration and loss of trophic support for the BFCNs

is widely held an early and pivotal event in AD, and there is

evidence for interaction with amyloid deposition and plaque

formation; there is a loss of calbindin in BFCNs neurons that

corresponds with the appearance of tangles before mani-

festation of dementia (Geula 1998), suggesting early and

severe functional impairment of these neurons. Further-

more, disturbance of axonal transport in cholinergic neurons

has been identified as one of the earliest signs of disease in

humans and in transgenic mice (Stokin et al. 2005). Con-

versely, recent neuropathological studies indicate that

cortical acetylcholinesterase (AChE) immunoreactivity is

well preserved in mild AD (Davis et al. 1999), and BFCNs

are not decreased in early AD (Gilmor et al. 1999).

A recent TMS study (Sakuma et al. 2007) reported

normal SAI in patients affected by MCI, a level of cog-

nitive functioning that reflects an intermediate state

between normal age and AD. This apparent discrepancy

between our results and those of Sakuma et al. may be

explained by the findings of recent studies in MCI subjects.

A study with functional MRI showed that short-term

treatment with a AChE inhibitor appeared to enhance the

activity of the frontal circuitry Saykin et al. 2004) and the

presynaptic cholinergic marker choline acetyltransferase

was found to be elevated in the superior frontal cortex and

hippocampus (DeKosky et al. 2002). Therefore, the cho-

linergic system may be even upregulated in MCI

individuals and some compensatory mechanisms may mark

the conversion of MCI to diagnosable AD. Furthermore,

SAI reflects the interaction between the sensory and motor

systems and is a cortical phenomenon (Tokimura et al.

2000); if the degeneration involves the BFCNs, or if the

cortical cholinergic deficiency is compensated by feed-

back control, the degenerative process may not be reflected

by SAI. On the other hand, amnesic MCI subjects present

abnormal verbal and/or nonverbal memory for age and

normal general cognitive functioning (Petersen et al. 1999),

while ACh in primates seems to be more specifically

involved in attentional processes than in learning and

memory processes (Blokland 1996; Voytko et al. 1994).

Several studies suggest that AChE (Iyo et al. 1997; Kuhl

et al. 1994; Herholz et al. 2000; Rinne et al. 2003; Bohnen

et al. 2007), and presynaptic receptors (Nordberg et al.

1995; O’Brien et al. 2007) are both reduced in AD which

might result in partial compensation and relatively little

effect on net cholinergic activity at least at early stages of

the disease. Cholinergic axons projecting to neocortical

association areas appear to be significantly impaired,

whereas hippocampal projections and cholinergic cell

bodies in basal forebrain appear to be relatively intact at

the early stages of AD (Shinotoh et al. 2003; Herholz et al.

2004).

Thus, the current evidence from post-mortem and in

vivo studies on cholinergic involvement in the earliest

stages of AD was inconclusive.

The present study shows that SAI, a putative marker of

cholinergic cortical activity, is significantly impaired in

patients with early AD compared with controls. SAI was

found to be reduced in patients with AD (Di Lazzaro et al.

2002, 2004, 2005a, 2006); in contrast, SAI was found to be

normal in non-cholinergic forms of dementia, such as

frontotemporal dementia (Di Lazzaro et al. 2006). Drugs

enhancing cholinergic transmission can increase SAI (Di

Lazzaro et al. 2002, 2004, 2005a). Interestingly, changes in

SAI following administration of AchE inhibitors may be

related to the long-term efficacy of this treatment (Di

Lazzaro et al. 2005a). SAI is also influenced by GAB-

Aergic drugs such as the benzodiazepine lorazepam in

healthy subjects (Di Lazzaro et al. 2005b, c) and by

dopaminergic drugs in patients with Parkinson disease

(Sailer et al. 2003). However, SAI represents a non-inva-

sive way of testing the integrity of some cholinergic

cortical circuits (Ziemann 2004) while the contribution of

neurotransmitters other than ACh is not well understood.

Our findings support in vivo imaging suggesting that

there is early impairment of presynaptic receptors and

AChE in cerebral cortex (for review, see Herholz et al.

2000), and support the concept that neocortical functional

changes of the cholinergic system are an early and leading

event in AD.

Table 1 Electrophysiological data of the patients with early Alz-

heimer’s disease (AD) and the control subjects (all values are

expressed as mean ± SD)

Measure Early AD patients Control subjects

CMCT (ms) 6.1 ± 1.0 6.2 ± 1.1

RMT (%MSO) 50.6 ± 11.6 49.5 ± 10.8

AMT (%MSO) 39.3 ± 11.0 38.5 ± 10.2

SICI 3 ms (%) 31.8 ± 15.8 32.5 ± 14.6

ICF 10 ms (%) 113.6 ± 35.7 116.0 ± 37.1

SAI (%) 67.4 – 14.2 43.2 ± 13.8

CMAP (mV) 11.5 ± 3.0 11.3 ± 3.4

F-wave (lV) 228.4 ± 88.5 225.8 ± 82.8

Bold type indicates abnormal values (significant differences from

control subjects). CMCT central motor conduction time, RMT resting

motor threshold, AMT active motor threshold, MSO maximum stim-

ulator output, SICI short latency intracortical inhibition, ICF
intracortical facilitation, SAI short latency afferent inhibition, CMAP
compound motor action potential
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This method can be used as a non-invasive test for the

assessment of central cholinergic pathways in patients with

AD also at the early stages of illness, and may help in

identifying the patients in whom cholinergic degeneration

is occurred and who would be suitable for long-term

treatment with cholinergic agents.
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