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RETZ, K. C., C. K. TRIMMER, M. J. FORSTER AND H. LAL. Motor responses of autoimmune NZB/BINJ and
C57BL/6Nnia mice to arecoline and nicotine. PHARMACOL BIOCHEM BEHAYV 28(2) 275-282, 1987.—In 11-13 month
C57BL/6Nnia mice, arecoline produced a dose-dependent decrease in motor activity at doses of 0.64-2.5 mg/kg, whereas at
doses of 5.0-20.0 mg/kg arecoline produced a dose-dependent increase in motor activity. In marked contrast, age-matched
NZB/BINJ (New Zealand Black) mice failed to exhibit the first phase of the response, but showed a greater dose-dependent
increase in motor activity following the doses of 10 and 20 mg/kg. Nicotine, 0.64-2.5 mg/kg, produced a dose-dependent
decrease in motor activity in both strains. The effects of arecoline and nicotine were antagonized by scopolamine (2.5
mg/kg) and mecamylamine (1.0 mg/kg). respectively. These findings suggest that muscarinic neurotransmission may be
altered in NZB/BINJ mice, which produce brain-reactive autoantibodies, exhibit learning/memory dysfunctions, and also
exhibit a loss of neurons staining positive for choline acetyltransferase.
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RECENTLY, studies in our laboratories have suggested a
correlation between the appearance of brain-reactive
antibodies ‘‘BRA’’ and deficits in learning in normally aging
outbred mice [27,28]) and NZB/BINJ (New Zealand Black)
mice, a genetically autoimmune-prone strain known to de-
velop serum brain-reactive antibodies at much earlier
chronological ages than nonautoimmune outbred or inbred
strains [18, 27, 28, 40]. The formation of brain-reactive
antibodies is a concomitant of normal aging in several spe-
cies, including humans, primates, rats and mice [6, 11, 12,
25, 36-38, 40, 50]. Moreover, a higher occurrence of brain-
reactive antibodies is also found in patients with Alzheimer’s
disease and other states involving neuropsychopathology [1,
2, 5, 37, 47). Therefore, it is possible that immune mech-
anisms may have a role in these and other ageing associated
CNS dysfunctions [14, 27, 28].

One such age-dependent dysfunction that rodents exhibit
is altered motor responses to cholinomimetics [15, 26, 29].
Because the biphasic effects of muscarinic agonists on loco-
motor performance in rodents are well-characterized [13, 20,
24, 34, 46], this behavior can be used for pharmacological
studies of the intactness of the muscarinic system in rodents.
As a first test of the hypothesis that NZB/BINJ mice have
altered cholinergic neurotransmission, we have studied the
effects of administration of either oxotremorine, a mus-
carinic agonist, or physostigmine, a cholinesterase inhibitor,
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to 8-10 month NZB/BINJ and CS7BL/6J mice [43]. In
C57BL/6] mice, both drugs produced a characteristic
biphasic response [43]. The first phase occurs at lower
doses and consists of a dose-dependent decrease in motor
activity. In the second phase occurring at higher doses, a
dose-dependent increase in motor activity accompanied by
tremors is observed. By contrast, age-matched NZB/BINJ
mice exhibited little, if any, decrease in motor activity at the
lower doses, but had much greater increases in activity fol-
lowing the higher doses.

In addition to exhibiting altered locomotor effects after
administration of cholinomimetics, NZB/BINJ mice also
exhibit deficits in learning and memory abilities {27,28]. Al-
ready there is much evidence to indicate that learning and
memory processes in rodents are: (a) dependent on intact
cholinergic innervation; (b) disrupted by muscarinic
antagonists; and (c) facilitated by muscarinic agonists [3, 4,
10, 31, 45]. Taken together, our findings are consistent with
the hypothesis that, as a consequence of rapidly developing
aged-like dysfunctions, NZB/BINJ mice also exhibit a learn-
ing/memory deficit that is accompanied by cholinergic dys-
function. If this were so, then one would predict that the
cholinergic alteration in NZB/BINJ mice is due more to
changes in muscarinic neurotransmission, and less to
changes in nicotinic neurotransmission. In the present study,
we have sought to pharmacologically investigate the impor-
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tance of muscarinic- vs. nicotinic-mediated components of
the altered motor response to cholinomimetics exhibited by
NZB/BINIJ mice.

METHOD

Male C57BL/6Nnia mice were obtained from the NIA at 3
months of age and housed in the College vivarium until use at
11-13 months. NZB/BINJ mice were obtained from the
Jackson Laboratories (Bar Harbor, ME) at 3 months of age
and housed in a similar manner. The colony room was main-
tained at 23=+1°C under a normal 12 hour light-dark cycle
from 0800 through 1959 hours. The mice had unlimited ac-
cess to food and water.

All drugs were dissolved in normal saline solution and
administered by IP injection (10 ml/kg) in doses indicated in
the text. Arecoline hydrobromide, mecamylamine hydro-
chloride, nicotine bitartrate, and scopolamine hydrobromide
(Sigma Chemical Co., St. Louis, MO) were administered as
their respective salt forms with doses calculated and ex-
pressed as the amount of drug present in its pharmacologi-
cally active (*‘free’” base) molecular species.

Motor activity was assessed in four, clear, polyacrylate
chambers 27cm L X 19cm W X 16 cm H, i.d.) with polyac-
rylate bases and tops, each located above one sensor of an
Electronic Activity Monitor ““EAM™ (Stoelting Co.,
Chicago, IL). Each monitor was placed in a mechanically
ventilated, partially sound-attenuated chamber (46 cm L X
34 cm W X 33 cm H. i.d.) which had a polyacrylate window
(0.5 cm thick, 12 cm W x 12 cm H) on the door to serve as a
low intensity light source and to permit observation of the
animal while inside the chamber. The chambers were placed
in a room illuminated by fluorescent lamps under normal
laboratory intensity. The apparatus as employed measured
activity as numbers of movements above a 3 Hz frequency
cutoff, detected through disruption of a radio frequency
capacitance field by the mouse. The activity =3 Hz on each
of the two channels was monitored over 5-min intervals for a
total time of 30 min using a sensitivity of 15% full scale on
both channels. This sensitivity setting resulted in zero back-
ground activity counts when no animals were on the activity
monitors. During the observation period. only one experi-
menter/observer was present in the room. The presence or
absence of tremors occurring during the total 30 min session
was noted and recorded. When tremors were present, the
time of their onset and cessation was noted and recorded to
the nearest minute.

Two separate groups of each strain (N=10 in each) were
used for: (a) studies with arecoline and its antagonism by
scopolamine; and (b) studies with nicotine and its antago-
nism by mecamylamine. Each drug treatment was given on 2
days in a counterbalanced design such that for each dose
level of drug administered, each animal received a “*paired”
saline session. For example, half of the mice in each group
received saline vehicle and half received drug on a single
day. In a subsequent session 3-4 days later, this order of
presentation was reversed to complete one dose level. One
week elapsed between administrations of drug (in each dose
level) to each animal.

In antagonism studies, scopolamine or mecamylamine
were injected 10 min prior to a saline, arecoline, or nicotine
injection, at which time the mice were placed in the monitor-
ing chambers for a 30 min observation period as previously
described. The order of dose presentation for arecoline was
5.0,2.5,1.25, 10, 20, and 0.64 mg/kg. These treatments were
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followed by the treatments with scopolamine (2.5 mg/kg)
alone, scopolamine + arecoline-5.0 mg/kg, scopolamine i
arecoline-20 mg/kg. In the group of mice receiving nicotine,
the doses of nicotine were presented in ascending order tol-
lowed by mecamylamine (1.0 mg/kg), and mecamylamine +
nicotine-2.5 mg/kg. In order to control for any slight sen-
sitivity differences between monitors, each animal was ob-
served in the same chamber during vehicle and drug session
pairs for a given drug and dosage.

Statistical analyses of the parametric data were made
using a multifactor ANOVA and individual comparisons as
appropriate for each analysis [51].

RESUL.TS
Arecoline Dose Effect

Basal activity. Previous studies using this apparatus and a
similar experimental design suggested that activity of mice
declined within individual saline sessions, but that there was
little change in total activity as a function of repeated saline
sessions throughout the course of experimentation [43]. In
the current study, the validity of using dose group as a re-
peated measure was more critically examined. In the
CS57BL/6Nnia mice (N=10), the total mean activity during
the saline sessions of each of the six counterbalanced
saline-arecoline presentations ranged from 2,307x337 to
3,000+346 counts for the entire 30 minute observation
period. Activity counts during the first 5 minute observation
period ranged from 506 +52 to 667 +46 counts and declined to
a range of 255+ 57 to 441+ 62 counts during the sixth 5 minute
observation period. Visual inspection of these data
suggested that neither repeated test exposure nor intervening
drug sessions altered basal activity.

A similar lack of effect of presentation order was ob-
served in the NZB/BINJ mice (N=10), where the total mean
activity during the saline sessions of each of the six counter-
balanced saline-arecoline presentations ranged from
1,300+£113 to 1,707+ 174 counts for the entire 30 minute ob-
servation period. Activity counts during the first 5 minute
period ranged from 232+46 to 41637 counts and declined to
a range of 10923 to 297+ 40 counts during the sixth 5 minute
period. Although the absolute number of activity counts was
less in NZB/BINJ mice, again visual inspection of these data
suggested that neither repeated test exposure nor intervening
drug sessions altered basal activity.

A 2x6x6 analysis of variance on 3 Hz activity during
saline sessions (with Strain, Session, and 5-min periods as
factors) supported these observations, yielding neither a
significant main effect of Session, F(5,90), p<1.7, nor inter-
actions of Session with Strain or 5-min periods (all higher
order interactions were nonsignificant, Fs<2.1, ps>0.05). A
significant main effect of Strain, F(1,18)=23.1, p<0.001, re-
flected the overall greater activity of CS7BL/6Nnia mice,
while a significant effect of 5-min periods, F(5,90)=49.1,
p<0.001, reflected the overall decline in activity as a func-
tion of 5-min periods.

Time course of effects on motor activity. The major
trends in activity under drug are shown in Table 1 as a func-
tion of dose, strain, and sampling periods. To facilitate inter-
pretation, activity under drug is expressed as percent of the
mean control response during the appropriate period of the
saline session corresponding to each dose. Examination of
the time-courses for both NZB/BINJ and C57BL/6Nnia mice

suggested that peak drug response occurred during the first 5
minutes of testing. For C57BL/6Nnia mice, the expected



EFFECTS OF ARECOLINE AND NICOTINE IN NZB/BINJ MICE

277

TABLE 1

MOTOR ACTIVITY (% CONTROL) OF ARECOLINE-TREATED C57BL/6NniA AND
NZB/BINJ MICE*

% Control Activity/5-Min Period

AREC dose
(mg/kg) 0-5 5-10 10-15 15-20 20-25  25-30 Total
C57BL/6Nnia Mice
0.64 76 90 89 67 89 91 83
1.25 37 104 83 118 104 105 85
2.50 22 43 73 78 74 87 60
5.0 48 13 42 52 60 86 46
10.0 84 50 28 74 60 52 59
20.0 149 106 43 59 46 33 83
NZB/BINJ Mice
0.64 109 99 71 73 95 98 92
1.25 108 110 123 89 128 116 112
2.5 126 84 127 72 88 158 103
5.0 134 86 84 59 80 57 91
10.0 225 76 84 88 68 76 117
20.0 283 240 70 58 68 39 144

*The data from each arecoline (AREC) drug treatment session are expressed as
percentage of the mean control activity (=3 Hz) from the corresponding interval
of the matching saline session; N=10. Statistical analyses of the data are de-

scribed in the text.
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FIG. 1. Motor activity (=3 Hz) of 10-12 month. C57BL/6Nnia and
NZB/BINJ mice during the 0~5 min interval following administration
of arecoline. Mice were administered arecoline HBr immediately
prior to placement into the activity monitors. The doses represent
the amount of the pharmacologically active molecular species
(““free’’ base) of arecoline. The plotted values for saline (i.e., 0
mg/kg) represent the averages of the mean and SE for each of the 6
saline sessions. The plotted values for arecoline represent the mean
(+SE) of 10 mice. The inset shows the data expressed as mean
percent of the corresponding saline session. Statistical analyses of
the data are presented in the text.

U-shaped dose effect relationship was most pronounced dur-
ing this period. A phase in which activity decreased as a
function of dose occurred within the 0.64-2.5 mg/kg dose
range, whereas a different phase, in which activity increased
as a function of dose, occurred between 5.0 and 20.0 mg/kg
(only the 20 mg/kg dose resulted in activity above baseline).
This same trend was evident during the 5-10 min time
period, although the activity-increasing and activity-
decreasing phases were of lesser magnitude. NZB/BINJ mice
failed to show substantial activity decrements at any time
point or dose of arecoline, although activity increased as a
function of dose within the 5.0 to 20 mg/kg range within the
first 5-min of testing.

Arecoline-induced tremors. Tremors were produced by
the 10 and 20 mg/kg doses in C57BL/6Nnia mice, occurring
in 5/10 and 9/10 mice, for each dose respectively. Tremors
were also produced by these same two doses in NZB/BINJ
mice, occurring in 8/10 and 10/10 mice, for each dose respec-
tively. During the tremors, the animals continued locomo-
tion within the horizontal plane of the observational cham-
bers. The tremors had a rapid onset, beginning by 3-4 min
post-injection, and short duration which was completed by
6-7 minutes. This time of occurrence was coincident with the
most rapid accumulation of activity counts during the 0-5
min and 5-10 min observation periods (Table 1).

Strain differences. In view of the clear peak effect at 0-5
min in both strains, activity from only the 0-5 min time inter-
val was considered in comparisons of dose-effect relation-
ships between strains (Fig. 1). An analysis of variance (with
Strain, Dose, and Treatment (drug vs. saline) as factors)
conducted on the dose-effect data revealed a significant
Strain x Treatment interaction, F(1,18)=55.1, p<0.001, and
a 3-way interaction of Strain, Dose, and Treatment,
F(5,90)=2.5, p<0.05. These interactions reflected the fact
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TABLE 2

EFFECTS OF SCOPOLAMINE PREADMINISTRATION ON MOTOR ACTIVITY CHANGES
INDUCED BY ARECOLINE*

Dose (mg/kg)

C57BL/6Nnia Mice

NZB/BINJ Mice

SCOP AREC Saline Drug %C Saline Drug %C
0 5.0 629 + 22 299 + 133 48 374 = 52 501 = 39 134
0 20.0 569 + 66 845 = 87 149 416 = 37 1,175 = 174 283
2.5 0 475 = 75 818 = 45 172 304 = 48 522 + 50 172
2.5 5.0 555 + 66 763 = 41 137 331 x 47 530 = 59 160
2.5 20.0 526 + 73 564 = 69 107 287 = 49 569 = 54 198

*The activity data (=3 Hz) obtained during the 0-5 min interval following administration of saline and of
[scopolamine (SCOP) and/or arecoline (AREC)] in each of the saline/drug pairs are expressed as
mean * SE, and as the percentage (%C) of the mean from the matching saline session; N=10. Statistical

analyses of the data are described in the text.

TABLE 3

MOTOR ACTIVITY (% CONTROL) OF NICOTINE-TREATED
C57BL/6Nnia AND NZB/BINJ MICE*

% Control Activity/5-Min Period

NIC Dose
(mg/kg) 0-5 5-10 10-15 15-20 20-25 25-30 Total
C57BL/6Nnia Mice
0.16 88 108 11 89 107 100 100
0.32 103 136 113 112 88 97 106
0.64 56 68 71 87 74 83 72
1.25 58 36 62 114 96 140 77
2.50 50 3 6 17 26 42 24
NZB/BINJ Mice

0.16 122 117 107 90 114 95 106
0.32 142 149 103 214 112 172 139
0.64 86 82 109 101 88 71 90
1.25 107 45 79 115 93 92 86
2.50 48 1 13 33 79 79 42

*The data from each nicotine (NIC) drug treatment session are
expressed as percentage of the mean control activity (=3 Hz) from
the corresponding interval of the matching saline session; N=10).
Statistical analyses of the data are described in the text.

that NZB/BINJ mice failed to exhibit activity decreases fol-
lowing low doses (0.64-2.5 mg/kg) of arecoline and showed
greater activity following 5.0-20.0 mg/kg, when compared to
the C57BL/6Nnia mice. Individual comparisons [51] within
the Strain x Dose X Treatment interaction verified that the
activity of NZB/BINJ mice during drug sessions with 0.64,
1.25, 2.5 and 5.0 mg/kg arecoline failed to differ from corre-
sponding saline sessions (all Fs<3.12). In contrast,
C57BL/6Nnia mice showed a significant activity decrements
after each of these doses [smallest F(1,90)=4.1, p<0.05].
Activity during drug sessions was higher than during the
corresponding saline session for C57BL/6Nnia mice follow-
ing 20.0 mg/kg, F(1,90)=14.8, p<0.001, and for NZB/BINJ
mice following 10 and 20 mg/kg (Fs>51.4, ps<<0.001).

The significant differences between the strains in dose-

effect were more obvious when activity during drug sessions
was expressed as a precentage of the mean of each corre-
sponding saline session, as shown in the inset to Fig. 1. A
2-way analysis of variance conducted on the percent control
data (subjected to a 2 arcsin X5 transformation) indicated a
significant Strain X Dose interaction, F(5,90)=3.8, p<0.005,
further confirming the evident strain differences in dose-
effect.

Antagonism. Although arecoline is traditionally consid-
ered to be a muscarinic agonist, the drug also has some
nicotinic actions at high doses [17,39]. To ascertain the rela-
tive importance of muscarinic activation in the activity re-
sponses following arecoline, antagonism studies with
scopolamine were attempted. The effects of scopolamine
pre-treatment (2.5 mg/kg) upon subsequent activity response
to 5.0 and 20.0 mg/kg arecoline are shown in Table 2. Be-
cause scopolamine alone increased motor activity of both
strains by approximately 70%, antagonism by this single
dose of scopolamine can only be estimated. For example, a
complete antagonism could only be demonstrated given
stoichiometric amounts of each drug at the receptor sites and
a return of the motor activity value to control. A less than
complete antagonism would be indicated if the motor activity
increasing effects of arecoline yielded a value intermediate
between that of control and either scopolamine alone or
arecoline alone.

The prediction that arecoline’s effects were due to mus-
carinic stimulation was confirmed with a dose of 5 mg/keg,
an activity-decreasing dose in C57BL/6Nnia mice, and a
dose of 20 mg/kg, an activity-increasing dose in both
C57BL/6Nnia and NZB/BINJ mice. The effect of 5 mg/kg
arecoline was clearly reversed when given in combination
with 2.5 mg/kg scopolamine in C57BL/6Nnia mice (Table 2).
To verify this effect, individual comparisons were conducted
within the treatment effect, F(2,18)=25.1, p<0.001, of a
1-way repeated measures analysis of variance on 2 arcsin
X*5-transformed percent control data (with arecoline alone,
scopolamine alone, and the combination as treatments). The
effects of scopolamine alone and the scopolamine-5 mg/kg
arecoline combination failed to differ, F(1,18)<1.8, whereas
each differed significantly from the effect of arecoline alone
(Fs>28.7, ps<0.001). There was no significant effect of 5
mg/kg arecoline in NZB/BINJ mice, and the effect of the
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TABLE 4

EFFECTS OF MECAMYLAMINE PREADMINISTRATION ON MOTOR ACTIVITY CHANGES
INDUCED BY NICOTINE*

Dose (mg/kg)

C57BL/6Nnia Mice

NZB/BINJ Mice

MEC NIC Saline Drug %C Saline Drug %C
0 2.5 511 = 49 14+ 6 3 238 + 49 2+ 1 1
1.0 0 583 + 69 589 + 60 101 240 + 36 219 + 44 91
1.0 2.5 478 = 67 391 + 92 82 203 = 51 167 = 55 82

*The activity data (=3 Hz) obtained during the 0-5 min interval following administration
of saline and of mecamylamine (MEC) and/or nicotine (NIC) in each of the saline/drug pairs
are expressed as mean *+ SE, and as the percentage (%C) of the mean from the matching
control saline session; N=10. Statistical analyses of the data are described in the text.
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FIG. 2. Motor activity (=3 Hz) of 10-12 month C57BL/6Nnia and
NZB/BINJ mice during the 5-10 min interval following administra-
tion of nicotine. Mice were administered nicotine bitartrate im-
mediately prior to placement into the activity monitors. The doses
represent the amount of the pharmacologically active molecular
species (‘‘free’’ base) of nicotine. The plotted values for saline (i.e.,
0 mg/kg) represent the averages of the mean and SE for each of the 7
saline sessions. The plotted values for arecoline represent the mean
(£SE) of 10 mice. The inset shows the data expressed as mean
percent of the corresponding saline session. Statistical analyses of
the data are presented in the text.

scopolamine-arecoline combination in this strain differed lit-
tle from the effect of scopolamine alone.

The effect of scopolamine pre-treatment on activity re-
sponse to 20 mg/kg arecoline was considered in a separate
analysis of variance on transformed percent control, with
Strain and Treatment as the factors. This analysis indicated
significant main effects of both Strain and Treatment
(Fs>11.7, ps<0.001), as well as a Strain X Treatment in-
teraction, F(2,36)=13.7, p<0.001. The greater absolute
magnitude of the difference between arecoline alone and
arecoline in combination with scopolamine in NZB/BINJ
mice, when compared to C57BL/6Nnia mice, contributed to

this interaction. However, relative to the response to
arecoline alone within each strain, the antagonism was
marked in both NZB/BINJ and C57BL/6Nnia mice. Individ-
ual comparisons within the Strain x Treatment interaction
verified that the scopolamine-arecoline combination yielded
less activity when compared to arecoline alone, for each
strain, Fs(1,36)>6.8, ps<0.025.

Nicotine Dose-Effect

Basal activity. A separate group of mice of each strain
was used in studies with nicotine. As with the arecoline
studies, the validity of using dose group as a repeated meas-
ure was critically examined. In the C57BL/6Nnia mice
(N=10), the total mean activity during the saline sessions of
each of the six counterbalanced saline-nicotine presentations
ranged from 2,437+363 to 3,191%=372 counts for the entire 30
minute observation period. Activity counts during the first 5
minute observation period ranged from 519+84 to 700+66
counts and declined to a range of 287+62 to 432+77 counts
during the sixth 5 minute observation period. Visual inspec-
tion of these data suggested that neither repeated test expo-
sure nor intervening drug sessions altered basal activity.

A similar lack of effect of presentation order was ob-
served in the NZB/BINJ mice (N=10), where the total mean
activity during the saline session of each of the six counter-
balanced saline-nicotine presentations ranged from 1,187+172
to 1,795+307 counts for the entire 30 minute observation
period. Activity counts during the first 5 minute period
ranged from 242+52 to 423+82 counts and declined to
arange of 131+39t0 23661 counts during the sixth S minute
period. Although the absolute number of activity counts was
less in NZB/BINJ mice, again visual inspection of these data
suggested that neither repeated test exposure nor intervening
drug sessions altered basal activity.

Upon comparison, it is self-evident that the absolute ac-
tivity of the mice used in the studies with nicotine was nearly
equal to that of the mice used in the studies with arecoline.
To test for changes in activity during saline sessions as a
function of repeated testing, activity counts for these ses-
sions were subjected to an anlysis of variance in the same
format as for the arecoline studies. As in the arecoline
studies, there was little change in total activity as a function
of repeated saline sessions. There was a complete lack of
significant main and interaction effects involving the Session
factor (all Fs<2.2). The analysis indicated significant main
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effects of strain, F(1,18)=17.1, p<0.001, and 5-minute
periods, F(5,90)=20.0, p<0.001.

Time course. The major trends in activity under nicotine
are shown in Table 3 as percent of control as a function of
dose, strain, and sampling periods. Examination of the
time-course for both NZB/BINJ and C57BL/6Nnia mice
suggested that peak drug response occured during the 5-10
min time period, with values returning to baseline over the
30-min session at most doses.

Strain effects. In view of the peak effects at the 5-10 min
period, analyses of strain differences in nicotine dose-effect
were conducted using this time sample. Analyses of variance
were conducted as outlined for the arecoline experiment.
Nicotine dose-effect curves for each strain for the 5-10 min
observation period are shown in Fig. 2. Inspection of the
data suggested monophasic reductions in activity as a func-
tion of dose within each strain, which were reflected in sig-
nificant main effects of Dose, F(4,72)=8.8, p<0.001, Treat-
ment, F(1,18)=15.9, p<0.001, and a Dose X Treatment in-
teraction, F(4,72)=26.9, p<0.001. The overall differences in
magnitude of activity in C57BL/6Nnia and NZB/BINJ mice
during saline and drug sessions resulted in a significant main
effect of Strain, F(1,18)=44.5, p<0.001.

Relative to baseline activity, the dose-dependent reduc-
tions in activity within each strain appeared to be equivalent.
Nevertheless, the magnitude of strain differences in activity
during drug sessions became smaller as a function of dose,
leading to significant Strain x Drug, F(4,72)=2.6, p<0.05,
and Strain x Dose x Treatment, F(4,72)=2.5, p<0.05, in-
teractions. When activity data were considered as percent
control (to correct for differences in baseline activity), a 2x6
analysis of variance indicated only a main effect of Dose,
F(4,18)=47.4, p<0.001, with Strain and Dose x Strain ef-
fects being nonsignificant (Fs<1.0). The dose effect curves
for each strain are shown as percent control in the inset to
Fig. 1.

Antagonism. To examine the specificity of the motor ac-
tivity depressing effects of nicotine, antagonism with
mecamylamine  was  attempted. In  both  strains,
mecamylamine (1.0 mg/kg) had no obvious effect upon motor
activity (Table 4), but conferred appreciable reduction in the
effects of the 2.5 mg/kg nicotine dose. An analysis of vari-
ance on percent control (with Strain and Treatment, 2.5
mg/kg nicotine, 1.0 mg/kg mecamylamine, or the combina-
tion) verified equivalent antagonism within each strain. The
analysis indicated a significant effect of Treatment,
F(2,36)=44.8, p<0.001, but no effects of Strain or Strain X
Treatment (Fs<1.0).

DISCUSSION

In the C57BL/6Nnia mice, low doses of arecoline (0.64—
2.50 mg/kg) produced a reduction in locomotor activity simi-
lar to that previously observed by other investigators [42].
This effect was also observed following low doses of other
cholinomimetics [13, 24, 32, 43]. By contrast, the higher
doses (10.0-20.0 mg/kg) produced stimulation of locomotor
activity accompanied by tremor, findings also in agreement
with investigations of other cholinomimetics [20, 42, 45]. The
current observations are consistent with the possibility that
tremors could have accounted for much of the dose-related
increases in activity observed within the 0-5 min observation
interval following the 10 and 20 mg/kg doses of arecoline.
The NZB/BINJ mice differed from C57BL/6Nnia mice in
being sensitive to the motor activity increasing effects of the
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higher doses of arecoline, while lacking the motor activity
decreasing effects of the lower doses. This latter finding is in
agreement with our previous investigations using oxo-
tremorine, a muscarinic agonist, and physostigmine, an
acetylcholinesterase inhibitor [43]. The studies with
scopolamine suggest that the effects of arecoline, at least at
the 20 mg/kg tremorogenic dose, are due to interaction with
muscarinic receptors. Other investigators have observed
that the motor effects of 2.0 mg/kg arecoline [42] and of 20
mg/kg arecoline {21] are antagonized by scopolamine.

In contrast to the strain differences obtained in response
to arecoline, nicotine produced similar effects in both
strains, with a reduction of motor activity occurring follow-
ing the 0.64-2.50 mg/kg doses. The maximal reduction in
motor activity following the 2.5 mg/kg dose was antagonized
by mecamylamine, 1.0 mg/kg. Although high doses of
nicotine, e.g., 30 mg/kg, are known to produce tremors [21],
other workers have noted that lower doses of nicotine (0.4-
1.0) depress motor activity [7,48] and that this depressive
effect is antagonized by mecamylamine, but not by atropine
[48].

When comparing the differences in response of
NZB/BINJ and C57BL/6Nnia mice to arecoline, one cannot
fail to note the differences in basal levels of activity in these
two mice. As we have previously reported [43] and now
confirm, the basal activity rate of the NZB/BINJ mice is
approximately 50-60% of that of C57BL/6Nnia mice. We
believe that this difference is not alone sufficient to account
for the difference in response to low doses of arecoline,
oxotremorine, and physostigmine. First, the present studies
show that nicotine will lower the activity in both strains.
Second, both strains exhibited an increase in motor activity
after higher doses of arecoline, oxotremorine [43] and
physostigmine [43]. Third, both strains were alike in that
neither showed any evidence of habituation to the test appa-
ratus when saline data were examined.

It is apparent that NZB/BINJ mice lack the motor de-
pressive component of the response to arecoline, oxo-
tremorine and physostigmine, cholinomimetics which
produce direct and indirect stimulation of muscarinic recep-
tors. Aged C57BL/6] mice have been reported to be less
sensitive to the cataleptic effects of the cholinergic agonist,
pilocarpine [15,26], and to exhibit altered responses to other
muscarinic agonists and antagonists [29]. Although catalepsy
was not measured in the current studies, our findings suggest
that the NZB/BINJ mice may respond to lower levels of
muscarinic stimulation in a manner that is possibly more like
that of older C57BL/6 mice. It is also apparent that, with
higher doses, the response of NZB/BINJ mice to the motor
activity increasing doses of arecoline, as well as to both
oxotremorine and physostigmine [43] is equal to or greater
than that of C57BL/6 mice. One interpretation of these find-
ings is that different muscarinic processes may be mediating
motor activity in each phase of the total dose-response to
cholinomimetics.

When considering the effects of arecoline, oxotremorine
and physostigmine on locomotor activity, it is tempting to
speculate on the cellular events which may mediate these
processes. Studies of the interaction of antagonists with
muscarinic receptors have revealed the existance of two dis-
tinct receptor populations in both rats {8, 16, 23, 33, 41] and
humans [9,33]. One class, designated M,, is distinguished by
the high specific affinity of binding of the antagonist piren-
zepine and is located in the striatum, hippocampus and cor-
tex of rats [8, 23, 41] and in the forebrain basal ganglia and
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limbic system areas of humans {9]. By contrast, those recep-
tors designated as M, are characterized by a high specific
affinity binding of gallamine, a low specific affinity binding of
pirenzepine and are found in the brainstem and thalamus of
rats [8, 23, 41] and in the caudal brainstem areas of humans
[9]. It has been suggested that M, receptors are postsynaptic
[23,41] in contrast to M, receptors which may be presynaptic
and postsynaptic and play a role in neuromodulation of the
postsynaptic receptors [23,41]. Radioligand binding studies
in the rat demonstrate the regional binding of the agonists
carbachol, oxotremorine, and 2-ethyl-8-methyl-2,8-diaza-
spiro-{4,5]-decan-1,3-dion-hydrobromide (RS86) includes
those areas containing M, receptors as well as M, receptors
[8], making it premature to assign different roles to mus-
carinic agonists based solely upon their ability to bind to M,
or M, sites.

Better evidence in support of a functional difference be-
tween muscarinic agonists comes from studies of acetyl-
choline release [35] and turnover of inositol phospholipids
[16, 17, 30, 31]. For example, in rat cortical synaptosomes,
carbachol, acetylcholine, methacholine, oxotremorine and
bethanechol all inhibit basal rates of [3H]acetylcholine re-
lease, an effect which can be blocked by atropine,
scopolamine and gallamine, but not by pirenzepine. In this
system, the muscarinic agonist pilocarpine had no effect.
These studies suggest that the former four agonists men-
tioned may be modulating release of endogenous acetyl-
choline via interaction with M, receptors, and that pilocar-
pine is not active at those sites. With regard to phos-
phoinositide turnover, it is known that class A agonists in-
cluding acetylcholine, carbachol, methacholine, and mus-
carine will stimulate turnover, whereas class B agonists in-
cluding bethanechol, pilocarpine, arecoline and oxo-
tremorine are much less effective [16, 17, 30, 31].

Based upon the evidence that is available, it is very prob-
able that the molecular mechanisms underlying the abnormal

motor responses to oxotremorine, physostigmine and
arecoline in NZB/BINJ mice are complex, involving changes
in both M, and M, receptors. By contrast, the role of phos-
phoinositide turnover is less easily predicted. For example,
the responses to oxotremorine and arecoline, class B
agonists, were qualitatively similar to those elicited by
physostigmine, implying that phosphoinositide turnover may
not be required for the behaviors under study. Further exper-
imentation will be needed to address this question in a de-
finitive manner.

Whether autoimmune processes in NZB/BINJ mice are
causally related to or merely concomitant with strain differ-
ences in response to muscarinic agents will require a mul-
tifactor design to establish the ages of onset and maximal
demonstration of this phenomenon as well as the immune
status of the animals at the ages of difference. However, it
should be noted that our previous studies have revealed that
NZB/BINJ mice have an accelerated age-dependent differ-
ence in sensitivity to diazepam [19]. Independent of whether
immune processes cause changes in sensitivity to muscarinic
agents in NZB/BINJ mice, it is clear that these mice have an
altered response to muscarinic agents. One possible source
of this alteration lies in the finding that NZB/BINJ mice have
lower densities of cholinergic cells in several basal forebrain
regions [52]. While this finding would support the hypothesis
that aging of muscarinic pathways is accelerated in the CNS
of NZB/BINJ mice, other workers have reported that old
C57BL/6 mice have no loss of cholinergic neurons in the
basal forebrain [22].
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