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Abstract
The subcortical response to peripheral somatosensory stimulation is not well studied. Prior literature
suggests that somatosensory stimulation can affect dopaminergic tone. We studied the effects of
electrical stimulation near the median nerve on the response to an amphetamine induced increase in
synaptic dopamine. We applied the electrical stimulation close to the median nerve 20 minutes after
administration of 3mg/kg amphetamine. We used fMRI and microdialysis to measure markers of DA
release, together with the release of associated neurotransmitters of striatal Glutamate (Glu) and
GABA.

Result—1) Changes in cerebral blood volume (CBV), a marker used in fMRI, indicate that electrical
stimulation significantly attenuated increased DA release (due to AMPH) in the striatum, thalamus,
medial prefrontal and cingulate cortices. 2) Microdialysis showed that electrical stimulation
increased Glu and GABA release and attenuated the AMPH-enhanced DA release. The striatal DA
dynamics correlated with the CBV response.

Conclusion—These results demonstrate that electrical stimulation near the median nerve activates
Glu/GABA release which subsequently attenuate excess striatal DA release. These data provide
evidence for physiologic modulation caused by electroacupuncture at points near the median nerve.
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Introduction
Short trains of electrical or tactile pulses on the extremities are typically used for studying
somatosensory responses in the brain. Applications include studying spatial and frequency
perception in the somatosensory cortex [34] and evaluating cortical function after brain trauma
[16,29]. There is a large body of evidence indicating that stimulation of the median nerve leads
to modulation of dopaminergic tone in normal controls and in Parkinson's disease [13,27].
Acupuncture, an ancient healing practice using either manual or electrical manipulation
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(electrical acupuncture) of needles, at selective body points (acupoints), has a similar
stimulation profile to the electrical stimulations discussed above. Electrical acupuncture (EA)
uses a wide range of oscillation frequencies ranging from 0.5Hz to 150Hz and typically lasts
more than 20 minutes clinically. Technically, EA is a prolonged and broader version of the
peripheral electrical stimulation as those used in somatosensory studies. Due to the great
similarity between EA and the other electrical somatosensory stimulation protocols, we wished
to investigate the effect of EA in the brain from the point of view of somatosensory electrical
stimulation.

Although the effect of peripheral electrical stimulation has been studied broadly, not many
studies have gone beyond the level of the cerebral cortex. As demonstrated in animal and human
studies, activating the corticostriatal glutamatergic (Glu) projection modulates dopamine (DA)
and Gamma-aminobutyric acid (GABA) release in the striatum and subsequently affects
function along the basal ganglia circuitry [15,20]. In rodents, direct electrical stimulation in
the cerebral cortex led to striatal glutamate release which subsequently facilitated the
expression of immediate-early genes [28]. In humans, transcranial magnetic stimulation (TMS)
over the prefrontal cortex led to dopamine release in the caudate nuclei, as measured by positron
emission tomography [31]. Similar TMS studies in rats showed increases in dopamine and
glutamate release in the nucleus accumbens and striatum [35]. Given these previous results, it
is not a surprise that EA may arouse neuronal activity changes in the striatum and subsequently
along the basal ganglia circuitry. We present in this manuscript the effect of EA in a rodent
model using whole brain fMRI measurements as well as microdialysis of striatal
neurotransmitter release. Previous studies of electrical forepaw stimulation with short
stimulation trains (in the range of seconds) failed to show consistent modulation in the deep
brain areas [16,33]. The missing subcortical activity can be attributed to the tight regulation
among neurotransmitters. In the striatum, Glu, GABA, acetylcholine, and DA modulate each
other and the excitatory and inhibitory activities can be quickly nullified [1,8]. Therefore, a
short stimulation paradigm may not be sufficient to arouse activity observable by fMRI. In
order to create a neurotransmitter imbalance, we pretreated animals with D-amphetamine
(AMPH, a DA releaser) in order to increase DA levels well above normal. This abnormally
elevated DA level is expected to magnify the detectable effect of EA on DA, whether we utilize
MRI or microdialysis. In our experimental design, animals treated with AMPH alone (without
EA) served as controls and the effect of EA on AMPH-induced modulation was studied.

Materials and methods
Animals

Male Sprague Dawley rats were anesthetized using 1% halothane in a mixture gas (1:1 O2 and
N2O). An intravenous catheter was placed into the tail vein percutaneously for drug
administration. All procedures were conducted in accordance with the Massachusetts General
Hospital Subcommittee on Research Animal Care rules and regulations and the National
Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No.
80−23) revised 1996.

Electrical acupuncture (EA)
EA stimulation was delivered via a pair of 36 gauge acupuncture needles at right LI4 and
subcutaneously on the right forearm. LI4 is located on the dorsum of the forepaw,
approximately at the midpoint of the second metacarpal bone, in the belly of the first interosseus
dorsalis muscle [19]. The electrical currently oscillated at 2Hz and the current intensity was
set to increase at a 0.2mA increment every 8 minutes from the on-set intensity of 1mA. The
maximum current intensity was 1.42 ± 0.09mA, a level below the pain threshold [10,11]. For
fMRI study, EA was started at 10 minutes after AMPH challenge and lasted for 20 minutes.

Chen et al. Page 2

Neurosci Lett. Author manuscript; available in PMC 2009 February 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Due to the inferior temporal sampling rates of microdialysis (10 minutes per sample), EA was
started at 20 minutes after AMPH in order to get sufficient data points before the start of EA.

fMRI
MR images were acquired repeatedly using a gradient echo EPI sequence with the IRON
(Increased Relaxivity for Optimized Neuroimaging) technique [6,21] to assess relative cerebral
blood volume (rCBV) changes. Since the rCBV measurement is insensitive to the magnetic
field strength [21], data were acquired using both 4.7T and 9.4T MRI scanners (Bruker,
Billerica, MA). Basic EPI parameters were: 16 segmentations, TR/TE of 625ms/6ms (a 10s/
volume temporal resolution), in-plane resolution of 0.2345mm × 0.2345mm, and 20 contiguous
coronal slices, each 1 mm thick. Ten baseline points were acquired before the injection of
contrast agent MION [30] (synthesized locally in our laboratory) and then 30 post-contrast
baseline points were acquired before the functional task paradigm. Two groups were tested: 1.
AMPH alone (3mg/kg iv, n=5, Sigma (St. Louis, MO)); and 2. AMPH (3mg/kg iv) plus EA
(n=7).

Inter-animal coregistration was done by using Analysis of Functional NeuroImages (AFNI)
[7]. Maps of rCBV responses were calculated on a pixel-by-pixel basis as described in [6,21].
The rCBV effect induced by AMPH and EA were characterized by two gamma functions (t*exp
(-t/τ)) using general linear model (GLM), with time constant τ representing the peak time of
the gamma curve. Thus, τAMPH characterizes the effect AMPH while τEA characterizes the
effect of EA. Value of τAMPH was determined by the AMPH-alone group and served as the
fixed variable in the “AMPH+EA” group to obtain τEA. The degree of activation was presented
by the statistical significance (p-values) of the fitting on a pixel-by-pixel basis.

Microdialysis
Preparation for microdialysis in the striatum were carried out as previously described [5] with
the coordinate for the dialysate probe at [AP −0.26; ML 4.4; DV 7.0] [26]. Dialysate samples
were acquired in 10 min time intervals. Assay for DA and GABA/glutamate concentrations
were obtained from two separate groups of animals. Animals were challenged by either 1.
AMPH-alone or 2. AMPH plus EA (AMPH+EA). DA, Glu, and GABA concentrations were
assayed by HPLC with electrochemical detection (ESA, Chelmsford, MA) as described earlier
[5] and in [14].

Results
The insertion of EA needles alone did not cause the rCBV changes observed in animals
receiving AMPH

In order to assure that the insertion of EA needles on the forepaw didn't introduce any
additional modulation on the AMPH-induced hemodynamic changes, the AMPH-only (i.e.
no-EA) animals were subdivided into two groups: 3 rats with EA needles inserted but no current
passing and the other 3 rats had no needle insertion at all. This pair of data showed that rats
with no needle insertion do not differ from rats with needles inserted but without current passing
in terms of rCBV time courses (figure 1A). The time courses and rCBV maps from the whole
AMPH-only group were similar to those published previously [5] .

Effect of EA on the AMPH-induced rCBV changes
Compared to the AMPH-only group, EA significantly attenuated the increased rCBV (due to
massive dopamine release induced by AMPH) in the nucleus accumbens (NAc), medial
prefrontal cortex (mPFC), cingulate cortex (cing), thalamus, and part of the caudate/putamen
(CPu) (figure 1B). The AMPH-only groups showed that a gamma function with τAMPH =18
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minutes well characterized the AMPH timecourse in the CPu and other major dopaminergic
brain areas (p-value < 10−10). For the AMPH+EA group, τEA of 15 minutes gave a good fit
for the EA effect (p-value < 10−10) when τAMPH was fixed at 18 minutes as determined by the
AMPH-only study. The statistical significances of the GLM fitting were presented as maps
ΓAMPH and ΓEA for effect of AMPH and EA, respectively (Figure 1C & 1D). Interestingly, in
addition to the attenuation phenomenon, EA appeared to enhance rCBV increases in areas
around the lateral globus pallidus (LGP) and substantial nigra pars reticulata (SNR). The
meaning of rCBV increase in those areas remains to be investigated due to the densely packed
structures and the lack of anatomical boundary in the MR images.

Dopamine—AMPH, a DA release agent, significantly elevated synaptic DA level [5]. In the
“AMPH-only” group, the DA level peaked at the second dialysate (10−20 minutes) post AMPH
challenge and then slowly attenuated toward baseline level afterward. In the “AMPH+EA”
group, AMPH induced a similar raising slope (the first two dialysates post AMPH challenge)
as in the “AMPH-only” group. Then, EA induced a significantly faster attenuation (p < 0.05)
to bring the elevated DA level back to baseline, compared to the natural pharmacological time
course (Figure 2A) induced by AMPH. Half-life of the DA attenuation curves: “AMPH-only”
is 63.38 min, “AMPH+EA” 24.82 min.

Glutamate and GABA—Analysis of the Glu/GABA dialysates showed that AMPH slightly
increased synaptic Glu and GABA concentration in both “AMPH-only” and “AMPH+EA”
groups. The Glu concentration was significantly increased and plateaued (P<0.05) during the
EA treatment period, but right after EA was turned “off”, the elevated Glu level immediately
returned back to the same levels as those in the “AMPH-only” group (figure 2B). The GABA
concentration was gradually but significantly increased (p<0.05) during the EA treatment.
After EA was turned off, the GABA level remained significantly higher than those in the
“AMPH-only” group for the next 50 minutes with a slow attenuation back to the baseline level.
The degree of GABA increases correlated to the degree of DA attenuation induced by EA
(P<0.006).

Discussion
We showed in this manuscript that electroacupuncture modulates the dopaminergic function
in the brain pre-loaded with AMPH. Before interpreting our results in the context of
acupuncture, it is instructive to examine the prior literature on the stimulation of the median
nerve. There is a large body of evidence suggesting that electrical stimulation of the median
nerve can lead to pre-synaptic inhibition in the muscle [32]. This inhibition can also extend to
the motor cortex and hence decrease motor input to the basal ganglia, and has been found to
be abnormal in diseases with primary dopamine deficiencies such as Parkinson's disease [3].
Electrical stimulation of the median nerve, which includes the stimulation of the acupoint LI4,
changed somatosensory evoked potentials (SEP) [18] and striatal dopamine release [25]. Thus,
the EA results obtained here are not inconsistent with a direct stimulation of the median nerve.

In the striatum, release of glutamate enhances DA release via innervating N-methyl-D-
aspartate (NMDA) or DL-alpha-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionate
(AMPH) receptors on the DA terminals [37]. Although the majority of the glutamate released
is confined within the synapse and quickly uptaken by the high-affinity glutamate transporters,
some glutamate escapes the synapse (“spill over”) and can bind to metabotropic glutamate
receptors to suppress dopaminergic neurotransmission [36]. Glutamate also indirectly inhibits
DA release via activation of the “GABA” inter-neurons [12]. Glutamate thus possesses a dual
role in modulating dopaminergic and GABAergic activity. DA and GABA subsequently
regulate glutamatergic activity via activation of their receptors on the glutamatergic terminals
[8,17]. This forms a self-contained regulation mechanism which efficiently checks the activity
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level among the Glu/DA/GABA neurons in the striatum. However, this kind of autoregulation
makes it harder to detect the causality of effects among neurotransmitters. We thus used AMPH
to control the release of DA (maximized by AMPH) in order to observe how EA modulates
the glutamatergic and GABAergic activity, which in turn affect the DA release. Indeed, the
rCBV measurement, which is strongly sensitive to the synaptic DA concentration and neuronal
activity [5], suggests that the excess DA release (induced by AMPH) was returned back to the
drug naïve level at a rate faster than the nature AMPH pharmacological time course. Direct
measurement of the synaptic Glu/GABA/DA concentration showed that the striatal
glutamatergic activity was enhanced by EA and subsequently led to a prolonged GABA
innervation and thus an inhibition of DA release. If the primary effect of EA while DA is at an
excess state is to produce a persistent increase in striatal GABA levels, then one expects the
DA release to be diminished and this is indeed what we observed. These data are consistent
with prior literature showing the effects of GABA and GABA agonists on DA release [9,22].
Our hypothesis is also in line with the finding that high-frequency activation of corticostriatal
fibers led to either long-term depression or long-term potentiation of excitatory transmission
(LTD or LTP) depending on the subclass of glutamate receptor and neurons activated [4]. We
thus have a plausible first order explanation for the return-to-baseline phenomenon of
acupuncture on the central nervous system. Note that, with AMPH on board, we could only
examine the EA modulation in the brain areas affected by AMPH (figure 1C), although EA
might have broader influence in the brain. We thus are not comparing the drug effect induced
by AMPH, but the effect induced by EA on the deviant DA system in this study.

LI4 is clinically one of the most used and versatile acupoints. On an empirical investigation
performed in two primarily acupuncture hospital clinics in Beijing, China, of a total of 796
consecutive treatments performed on a wide variety of conditions by senior acupuncturists,
LI4 was used in >65 percent of the treatments [23,24]. The stimulation of LI4 appears to be
similar in location to the median nerve stimulation carried out routinely in the western medicine
research. This allows us to associate some of the acupuncture mechanism with practices based
on the rationales of western science. Further test on the effect of acupoints along the same
meridian and along the median nerve territory, such as acupoint PC6, will add our
understanding of the acupuncture mechanism from the view of somatosensory stimulation.
With regard to our work on the controls, our prior fMRI studies have demonstrated that AMPH
provoked a long lasting hemodynamic response (half-life > 40 minutes) [5]. In the striatum,
the hemodynamic changes correlated tightly to the dopamine released measured by
microdialysis. The tight link between DA function and the hemodynamic response in the
striatum was further validated in animals with DA neurons ablated (with missing hemodynamic
response) and later restored by fetal/stem cell transplantation (with the restoration of
hemodynamic response) [2]. We characterized the hemodynamic timecourse using a
mathematical model and the effect of EA could be separated from the effect AMPH in the
brain. Combined the results of fMRI with microdialysis, we demonstrated that EA induced
Glu release in the striatum, leading to the elevation of GABA activity which subsequently
caused a decrease in DA concentration and thus the hemodynamic changes observed by fMRI.
These results suggest a mechanism by which acupuncture might provide some benefit in the
clinical treatment of dopaminergic disorders.
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Figure 1.
rCBV time course from the AMPH+EA group (n=7) was decomposed to AMPH (ΓAMPH ) and
EA (ΓEA ) components using gamma fit. (A) Rats with and without needle insertion had similar
rCBV time courses in response to AMPH challenge. (B) EA at LI4 significant attenuated the
“AMPH-induced rCBV increase”. Dots represent data points and solid lines show the GLM
fittings of ΓAMPH and ΓEA. Timecourses were from CPu. (C) Map of ΓAMPH shows that brain
areas with copious amount of DA release, in response to AMPH challenge. (D) Map of ΓEA
shows brain areas effected by EA, with attenuation in blue tone and enhancement in red tone.
1. mPFC, 2. Cing, 3. NAc, 4. CPu, 5. thalamus, 6. LGP, 7. SNR, 8. M1.
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Figure 2.
Microdialysis measurements of striatal dopamine, glutamate, and GABA release. (A) DA
release was significantly attenuated by EA, compared to the AMPH-alone group. (B) Glu
release was significantly enhanced during the period of EA treatment. (C) GABA release was
significantly but gradually increased by EA. However, the maximum enhancement occurred
later than that of Glu. After EA was turned off, the GABA level remained significantly high,
compared to the AMPH-alone group. Arrowheads indicate the AMPH challenge and shaded
areas indicate EA. Mean ± std errors. * p<0.05
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