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DAY, J., G. DAMSMA AND H. C. FIBIGER. Cholinergic activity in the rat hippocarapus, cortex and striatum correlates with 
locomotor activity: An in vivo microdialysis study. PHARMACOL BIOCHEM BEHAV 38(4) 723-729, 1991.--The possible rela- 
tionship between behavioral arousal and acetylcholine release in the striatum, hippocampus and frontal cortex was investigated in 
rats. In vivo microdialysate concentzations of acetylcholine and choline from these brain structures, and photocell beam interrup- 
tions (as a measure of behavioral arousal), were measured simultaneously under three conditions: after injections of 1) vehicle or 2) 
scopolamine (0.4 mg/kg), and 3) before and after the beginning of the rats' night cycle. Dialysate concentrations of ACh in all 3 
brain structures and locomotor activity were increased after scopolamine and the onset of the lights out condition. Vehicle injections 
transiently increased ACh in the hippocampus and cortex and caused short-lasting increases in locomotor activity. Under all condi- 
tions, the release of ACh from each of the 3 brain structures correlated with the level of locomotor activity. 

Acetylcholine Choline Microdialysis Frontal cortex Hippocampus Striatum Locomotor activity 
Arousal Scopolamine 

NEURONS releasing acetylcholine (ACh) are widely distributed 
in the brain (47) and have been implicated in a variety of behav- 
ioral functions. For example, memory and learning (4), circadian 
rhythms (37, 56, 59), antinociception (25), locomotion (8, 17, 
18, 38, 45), sleep-wake cycles (3, 20, 27), and electrocortical 
arousal (5, 36, 50) have all been reported to have partial cholin- 
ergic substrates. 

Arousal can be operationally defined as either EEG desyn- 
chronization or as behavioral activity, the latter often being mea- 
sured as gross motor activity as recorded by photocell beam 
interruptions. Central cholinergic neurotransmission has been as- 
sociated with both EEG and behavioral measures of arousal. Us- 
ing the cortical cup technique, increased concentrations of ACh 
were recovered during EEG desynchronization in cats (29) and 
during increased behavioral activity in rabbits (9). More recently, 
significant correlations have been reported to exist between corti- 
cal, hippocampal and striatal dialysate ACh concentrations (or 
whole brain tissue concentrations) and motor activity counts after 
anticholinergic treatment (19, 52, 54). In preliminary studies in 
this laboratory, it appeared that under basal conditions, ACh re- 
lease in the dorsal hippocampus, frontal cortex, and striatum 

tended to vary with the animals' activity levels. The experiments 
reported here were undertaken to further examine the possible re- 
lationship between ACh release in these brain regions and arousal, 
as measured by locomotor activity. Photocell beam interruptions 
and in vivo microdialysate concentrations of ACh and choline 
(Ch) in the dorsal hippocampus, frontal cortex and dorsal stria- 
tum were measured simultaneously under three conditions: 1) af- 
ter an injection of vehicle; 2) after administration of the muscarinic 
receptor antagonist, scopolamine; and 3) before and after the be- 
ginning of the rats' night cycle. 

METHOD 

Experimental Protocol and Drugs 

Experiments were performed on male Wistar rats (250-330 g) 
two days after the implantation of a microdialysis probe. Follow- 
ing surgery, rats were housed individually in Plexiglas cages 
(35 × 35 x 25 cm), were maintained on a 12:12-h light:dark sched- 
ule, and had food and water available ad lib. During the light 
phase of the rats' daily cycle, subjects were first injected with 
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water (1 ml/kg, SC), and then 3 h later with the muscarinic an- 
tagonist, scopolamine hydrobromide (0.4 mg/kg, Sigma). Exper- 
iments continued into the rats' dark phase (when the room lights 
were turned off) approximately 4 h later. During each of these 
conditions, locomotor activity and hippocampal, cortical or stri- 
atal interstitial concentrations of ACh and Ch were measured si- 
multaneously. 

Surgery and Microdialysis 

Brain microdialysis was performed as previously described 
(10,57). Briefly, rats were stereotaxically implanted with a trans- 
verse dialysis probe (13,24) under pentobarbital anesthesia (50-60 
mg/kg, IP). The probe was placed in one of the three following 
sites according to the atlas of Paxinos and Watson (40), measured 
from bregma: striatum A: + 1.7, V: - 4 . 7 5 ;  hippocampus A: 
- 4 . 3 ,  V: - 3 . 3 ;  frontal cortex A: +2 .7 ,  V: - 2 . 5 .  The probes 
were made of saponified cellulose ester dialysis fibre (i.d. = 0.22 
mm, o.d. =0.27 mm, molecular weight cut off >10,000 dalton; 
Cordis Dow Medical), having an active surface length of 6.4, 
6.8, or 10.9 mm for the striatum, hippocampus, or frontal cortex, 
respectively. On completion of each experiment, the probe loca- 
tion was verified using standard histological procedures. 

During microdialysis experiments the dialysis fibre was per- 
fused at 5 txl/min, controlled by a syringe pump (Carnegie Med- 
icin). The syringe was connected to the probe inlet by polyethylene 
tubing (800 ×0.28 mm); the probe outlet was connected to the 
sample loop (100 ixl) of the analytical system by fused silica tub- 
ing (800 × 0.1 mm). The sample valve was controlled by an ad- 
justable timer (Valco), and samples (50 t~1) were collected and 
injected at ten-minute intervals. 

The composition of the perfusion solution was selected to es- 
timate the ionic composition of the interstitial fluid in the brain 
(23) and contained NaC1 (125 mM), KCI (3 mM), CaC12 (1.3 
mM), MgC12 (1.0 mM), NaHCO 3 (23 mM) in aqueous solution 
(pH 7.3). To recover detectable dialysate concentrations of ACh, 
a reversible cholinesterase inhibitory (neostigmine bromide, 0.1 
IxM; Sigma) was included in the perfusion solution. Thirty min- 
utes of perfusion preceded sample collection to allow for equili- 
bration of the brain with the perfusion solution. 

Assay of ACh 

ACh was assayed by HPLC-ECD in conjunction with an en- 
zyme reactor (11). ACh and Ch were separated on a reverse phase 
column (75 × 2.1 mm) pretreated with lauryl sulphate. The eluent 
from this analytical column then passed through an enzyme reac- 
tor (10 × 2.1 mm) containing acetylcholinesterase (EC 3.1.1.7; 
Sigma, type VI-S) and choline oxidase (1.1.3.17; Sigma), co- 
valently bound to glutaraldehyde-activated Lichrosorb NH 2 (10 
Ixm; Merck). The separated ACh and Ch reacted to give a stoi- 
chiometric yield of hydrogen peroxide, which was electrochemi- 
cally detected at a platinum electrode at a potential of + 500 mV 
versus an Ag/AgC1 reference electrode (BAS-LC4B). The mobile 
phase, 0.2 M aqueous potassium phosphate buffer pH 8.0, was 
delivered by a pump (LKB-2150) at 0.4 ml/min. The detection 
limit of the assay was approximately 50 fmol/injection. The time 
required to complete a chromatogram was 4-5 min. Standards of 
ACh/Ch were injected hourly. 

Motor Activity 

During the microdialysis experiments, a Digiscan Animal Ac- 
tivity Monitor [model RXYZCM(16); Omnitech Electronics, Inc. ] 

TABLE 1 

PROBE CHARACTERISTICS AND BASELINE OUTPUT OF ACh AND Ch IN 
THE STRIATUM, HIPPOCAMPUS AND FRONTAL CORTEX OF RATS 

Baseline Dialysate Output Probe In Vitro 
(fmol/min/mm) Surface Probe 

Brain Length Recovery 
Region ACh Ch (mm) (%) 

Striatum 9.04 _+ 0.67 588 __+_ 130 6.4 21.4 _ 6.2 
Hippocampus 2.10 --- 0.48 368 _+ 82 6.8 22.5 _+ 5.4 
Frontal cortex 2.30 -+ 0.56 294 + 82 10.9 33.3 -+ 7.6 

Dialysate outputs are expressed as the mean ( _+ S.E.M.) of the last 3 
prescopolamine values from 4-6 rats. Outputs are corrected for the active 
surface length of the probes, as shown. Neostigmine (100 nM) was in- 
cluded in the perfusion solution. 

was used to measure locomotor activity in lO-min blocks corre- 
sponding to the lO-min dialysate samples. Stereotypy counts were 
subtracted from the total horizontal counts to yield a measure of 
ambulation. 

Statistical Analyses 

Biochemical data were calculated as a percent of baseline con- 
centrations, 100% baseline being defined as the average of the 
last three prescopolamine values. A univariate analysis of vari- 
ance (ANOVA) with repeated measures was used to compare the 
effects of scopolamine and vehicle on ACh and Ch output. ANO- 
VAs were also conducted to evaluate the effects of the vehicle 
injection and exposure to dark on ACh and Ch. These analyses 
included the three samples prior to and the three samples after the 
initiation of these two treatments. Comparisons of the biochemi- 
cal responses to the three experimental variables between brain 
regions were also made using ANOVAs. Greenhouse-Geisser ad- 
justments of df were made to account for the use of time as a re- 
peated measure. All reported values refer to the interaction effect 
of time with experimental treatment. Pearson's correlation coef- 
ficients between ACh concentrations (in fmol/min) and motor 
counts were determined for the 3 treatment conditions in each in- 
dividual rat. Group correlations were carried out as well, in which 
the data of all animals having probes in the same brain region 
were combined for analysis. In this case, the biochemical mea- 
sures were expressed as percentage of baseline. Because motor 
counts were not normally distributed, for all the correlation anal- 
yses these values were normalized using logarithmic trans- 
formation. 

RESULTS 

The average baseline outputs of ACh and Ch in the three brain 
regions are shown in Table 1 and have been corrected for the 
differences in probe surface length. 

The neurochemical and motor effects of vehicle and scopola- 
mine injections, and exposure to dark, are shown in Figs. 1, 2 and 
3 for the striatum, hippocampus and cortex, respectively. Vehi- 
cle injections transiently increased extracellular ACh by 54% in 
the hippocampus (p<0.05) and by 161% in the frontal cortex 
(n.s.), while no change was evident in the striatum. No signifi- 
cant effect of this treatment on dialysate concentrations of Ch was 
observed in any brain region. The responses of ACh and Ch in 
the three brain regions to vehicle treatment were not significantly 
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FIG. 1. Striatal dialysate values of ACh (0) and Ch (O) after injections 
of vehicle and scopolamine and exposure to dark. Activity counts (bars) 
were measured concurrently. Vehicle (1 ml/kg) and scopolamine (0.4 rag/ 
kg) were injected subcutaneously, and lights off occurred at the appropri- 
ate time in the rats' daily cycle• Data points represent group means (n = 
4-6) - S.E.M. 

different. Injection of vehicle caused short-lasting increases in 
motor activity. 

Scopolamine (0.4 mg/kg, SC) caused large increases in inter- 
stitial ACh and in motor activity. Peak ACh increases of 400, 
1200 and 1400% in the striatum, hippocampus and cortex, re- 
spectively, occurred within 20 minutes and persisted for approx- 
imately one hour. Compared to vehicle values, scopolamine had 
a significant effect on ACh output (striatum p<0.001,  hippocam- 
pus and cortex p<0.05).  The drug significantly affected Ch only 
in the striatum (p<0.01) where there was an increase in the sec- 
ond postinjection sample (159% of baseline). The effect of sco- 
polamine on ACh and Ch was significantly smaller in the striatum 
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FIG. 2. Hippocampal dialysate values of ACh (0) and Ch (O) after in- 
jections of vehicle and scopolamine and exposure to dark. Activity counts 
(bars) were measured concurrently. Data points represent group means 
(n=4) --- S.E.M. 
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FIG. 3. Frontal dialysate values of ACh (0) and Ch (O) after injections 
of vehicle and scopolamine and exposure to dark. Activity counts (bars) 
were measured concurrently. Data points represent group means (n = 4-5) 
_S.E.M. 

than in either the cortex or hippocampus (p<0.05). The drug re- 
sponses in the hippocampus and cortex did not differ significantly 
from each other. Motor activity was greatly increased by scopol- 
amine with approximately the same time course as was observed 
for the increase in ACh. 

At the onset of the dark phase of the rats' day-night cycle, 
motor activity increases coincided with ACh increases of 58% in 
the striatum, 169% in the hippocampus, and 77% in the cortex. 
In the striatum, ACh showed a significant illumination by time 
interaction effect (p<0.05); the increases in the other areas failed 
to reach significance. The three brain regions did not differ sig- 
nificantly with respect to the ACh nor Ch response to dark. 

To illustrate the nature of the relationship between behavioral 
activity and ACh measured in either the stfiatum, hippocampus or 
cortex, Fig. 4 shows the motor and dialysate profiles of 3 indi- 
vidual animals. Most of the animals tested exhibited significant 
correlations between locomotor activity and ACh release under 
all three experimental conditions. After vehicle injection, signifi- 
cant correlations (p<0.05) were found in 2 of 4 animals with 
striatal probes ( r=  .572-.643), 3 of 4 animals with hippocampal 
probes ( r=  .611-.808) and in 3 of 5 animals with frontal cortex 
probes (r = .665-.704). Scopolamine treatment yielded significant 
values in all 6 animals with striatal probes ( r=  .532-.867), in all 
4 with hippocampal probes ( r=  .517-.736) and in 4 of 5 animals 
with frontal cortex probes ( r=  .741-.877). During lights-off, mo- 
tor counts correlated significantly with dialysate ACh concentra- 
tions in the striatum (4 of 5 animals, r =  .677-.844), in the 
hippocampus (all 4 animals, r =  •493-,926) and in the cortex (3 
of 4 animals, r =  .696-.899). 

As evident in Table 2, when the data were grouped across an- 
imals, the correlation values became less robust. This grouping 
facilitates comparisons between the brain regions across the ex- 
perimental conditions. The highest correlation between motor ac- 
tivity and ACh output occurred in the hippocampus under the 
scopolamine condition. The highest value for the striatum was 
also after scopolamine, while in the cortex ACh concentrations 
correlated best with motor activity during the dark phase. The 
lowest correlations for each group were seen after vehicle 
treatment. 
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FIG. 4. Dialysate ACh concentrations (O) and activity counts (bars) from 
three individual rats after injections of vehicle (1 ml/kg) and scopolamine 
(0.4 mg/kg), and exposure to dark. Insets show Pearson's correlation co- 
efficients of the two measures for the time points within each experimen- 
tal treatment. ~'p<0.05. 

DISCUSSION 

Previous microdialysis studies have reported baseline outputs 
of ACh in the frontal cortex, hippocampus and striatum that are 
an order of magnitude higher than those reported here (1, 53, 58). 
These discrepancies are likely due to differences in probe type 
and brain placement, postoperative recovery times, type and con- 
centration of the cholinesterase inhibitor, and composition and 
pH of the perfusate. For example, recent studies have indicated 

TABLE 2 

CORRELATION OF REGIONAL ACh OUTPUTS AND ACTIVITY COUNTS 
DURING EXPERIMENTAL TREATMENTS 

Treatment 
Brain 
Region Vehicle Scopolamine Lights Off 

Striatum .256 .599* .300* 
Hippocampus .472" .630" .595" 
Frontal cortex .151 .468 * .515 * 

Pearson's correlation coefficients of ACh outputs (as % baseline) in the 
striatum, hippocampus or cortex (4-6 animals/group) and locomotor ac- 
tivity are shown. Analyses included the two measures for all time points 
(10-26) within each experimental treatment. *p<0.05. 

that 24 hours after probe implantation, tissue trauma destabilizes 
dialysate concentrations of neurotransmitters and their metabo- 
lites, and that second or third day measurements may be more 
physiologically relevant (43,60). The lower concentration of 
cholinesterase inhibitor used in this study, and the more physio- 
logical pH and calcium concentration of the peffusion solution 
are the most likely sources of the differences between the present 
and previous results. 

The rank order of baseline concentrations measured in the three 
brain regions compares well with those found previously in dialy- 
sates and tissue homogenates: for ACh, striatum > >  frontal cor- 
tex - hippocampus (1, 28, 53, 55, 58); for Ch, striatum > 
hippocampus > frontal cortex (28,53). The source of ACh in 
these regions is anatomically distinct. The striatum contains in- 
trinsic cholinergic interneurons (21, 41, 48), while the hippocam- 
pus and cortex receive cholinergic projections mainly from the 
anterior and posterior regions of the cholinergic basal nuclear 
complex respectively (46). 

Only recently have dialysate concentrations of Ch been re- 
ported (10, 52, 53), and the source and significance of this Ch are 
not well understood. Ch is both a precursor of ACh and a prod- 
uct of its breakdown. Further complicating any interpretation of 
changes in extracellular Ch is the fact that at least 80% of the Ch 
turnover in the brain is thought to be involved in phospholipid 
metabolism (7). Additional investigations of the source of extra- 
cellular Ch are required before the meaning of the experimentally 
manipulated concentrations of dialysate Ch can be determined. 

Subcutaneous injection of vehicle tended to increase locomo- 
tion and dialysate ACh concentrations in the hippocampus and 
frontal cortex, although the effect in the latter structure failed to 
reach significance due to high intersubject variability. This find- 
ing illustrates the necessity of including control vehicle injections 
when studying the effects of drugs on hippocampal or cortical 
ACh; it also suggests that it may be possible to study cholinergic 
correlates of behavior in one or both of these structures. 

It is well documented that muscarinic antagonists, including 
scopolamine, increase ACh release in the striatum (16,30), hip- 
pocampus (39,51), and cortex (2,44). Recently, this phenomenon 
has been confirmed using microdialysis (15, 33, 52-54). How- 
ever, increases in dialysate ACh concentrations in these studies, 
although produced by larger doses of scopolamine, were not as 
robust as those reported here. This discrepancy may be explained 
by some of the methodological considerations discussed above. 
Specifically, the calcium concentration in the perfusate used in 
this study more closely approximates the interstitial fluid of the 
brain than do the concentrations used in earlier studies. Varia- 
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tions in the calcium concentration of the perfusate can profoundly 
influence cholinergic (10,14) and, to a lesser extent, dopaminer- 
gic (34) responses measured by microdialysis. 

The rank order of scopolamine's effect on ACh (cortex = 
hippocampus > >  striatum) may reflect regional differences in 
muscarinic autoreceptor location and/or function. In the cortex 
and hippocampus, the effect of the antagonist on ACh release is 
thought to be mediated by muscarinic autoreceptors located on 
cholinergic terminals (32, 35, 49). On the other hand, evoked 
ACh release in the striatum is apparently not controlled by mus- 
carinic terminal autoreceptors (26, 31, 42). The necessary com- 
ponents for the effects of muscarinic antagonists on striatal ACh 
are known to be intrinsic to this region because local application 
of antimuscarinics can increase dialysate ACh concentrations 
(15,33). The increased release of ACh measured in the striatum 
after scopolamine [this study, (53,54)] may, therefore, be medi- 
ated by multi-neuron circuits within the striatum, or possibly by 
dendritic or somal receptors located on the cholinergic inter- 
neurons. 

Scopolamine transiently increased dialysate Ch concentrations 
only in the striatum. This result differs from Toide and Arima 
(53) who reported that Ch was decreased by approximately 40% 
in all three brain regions for two hours after scopolamine. As 
discussed above, there are numerous methodological differences 
between the two studies that may account for these discrepancies. 
The present data indicate that Ch, like ACh, can be affected in a 
regionally selective manner by scopolamine. 

Exposure to dark at the appropriate time in the rats' day-night 
cycle tended to transiently increase ACh concentrations in all three 
areas with no apparent effect on Ch. However, only the increase 
in the striatum was statistically significant, and this was due to 
the high variability of the responses in the other two brain areas. 
These data suggest that environmental stimuli can influence 
cholinergic neurotransmission in these brain regions. Whole brain 
ACh concentrations in rats have been reported to exhibit diurnal 
oscillations (22). The lowest concentrations of ACh in tissue ex- 
tracts, thought to reflect high cholinergic activity, were found 6 
hours after the onset of the dark period. 

The present results indicate that dialysate concentrations of 
ACh in the striatum, hippocampus and frontal cortex generally 
correlate with locomotor activity, a measure of behavioral arousal. 
This extends previous findings that muscadnic receptor antago- 
nist-induced increases in motor activity are associated with in- 
creases in frontal and hippocampal dialysate ACh (52), and with 
decreases in whole brain tissue levels of ACh (19). In addition, 
the present study identified significant correlations between ACh 

and activity counts in two drug-free situations. More detailed be- 
havioral monitoring might further characterize these relationships, 
but the currently available temporal resolution of ACh microdial- 
ysis (5-10 rain) is a limiting factor in elucidating such re- 
lationships. 

The concentration of ACh in dialysate is thought to reflect 
synaptic overflow of neuronally released ACh (12,13). The data 
reported here thus suggest that ACh release in all three experi- 
mental conditions correlates positively with motor activity. In both 
drug-free conditions, increased release would, therefore, be asso- 
ciated with increased transmission at cholinergic synapses. After 
injection of scopolamine, however, the increase in ACh release 
occurred as a result of, and during, muscarinic receptor blockade. 
The hyperactivity caused by this anticholinergic agent would thus 
occur in the presence of decreased muscarinic cholinergic trans- 
mission. Therefore, while cholinergic transmission correlated with 
behavioral arousal in two drug-free conditions, it would not ap- 
pear to be associated with hyperactivity in scopolamine-treated 
rats. Several factors could account for this apparent inconsisten- 
cy: 1) Pre- and postsynaptic muscarinic receptors may differ such 
that the dose of scopolamine used here might preferentially block 
the presynaptic autoreceptors, resulting in increased ACh release, 
while the postsynaptic receptors remain unblocked. This would 
serve to increase ACh transmission which would be consistent 
with increased locomotor behavior. This seems unlikely, how- 
ever, as Szerb et al. (51) have reported that scopolamine has a 
10-fold lower efficacy at presynaptic than at postsynaptic musca- 
rinic receptors. 2) While scopolamine blocks muscarinic trans- 
mission, it would at the same time increase nicotinic cholinergic 
transmission by increasing ACh release. The results obtained here 
could be explained if the action of ACh on nicotinic receptors 
was responsible for the correlation between ACh release and be- 
havioral arousal. 

In summary, the experiments presented here illustrate the fea- 
sibility of carrying out ACh microdialysis experiments of long 
duration, coupled to behavioral monitoring, in different brain re- 
gions. These data also indicate that various manipulations can af- 
fect cholinergic transmission in a regionally selective manner. 
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