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The LS and SS hines of mice were imtially selected based on sedative responses to ethanol, but have been found to differ in
response to a variety of hypnotics and anesthetics These differences do not appear to be due to pharmacokinetic factors
and several Iimes of evidence suggest involvement of the GABAergic system To examine an important component of this
system, the benzodrazepine receptor, we analyzed benzodiazepine receptor binding i1 vivo 1n LS and SS mice. and
modulation of receptor binding by three interventions known to increase binding 1n other strains pentobarbital, defeat
stress, and ethanol Receptor binding was determined by specific uptake of [*H]-Ro15-1788 Receptor binding was -
creased 1n cortex and hippocampus of LS mice compared to SS mice, with the increase in cortex most likely due to
increased receptor number rather than a change 1n apparent affinity Pentobarbital (30 mg/kg IP) induced similar increases
in binding 1n both lines 1n several brain reglons Defeat stress caused increased binding 1n several brain regions of both SS
and LS mice, with greater binding 1n cortex of LS mice In contrast, ethanol at 3 doses (0 5, 1, and 2 g/kg) led to greater
increases 1n binding in SS mice compared to LS mice in most brain regions None of the interventions altered nonspecific
binding Ethanol concentrations were shghtly greater in plasma and brain of LS mice These results indicate differences 1n
benzodiazepine receptor binding in LS and SS mrce, with differential modulation of binding by ethanol but not by
pentobarbutal or stress These differences may contribute to differential pharmacodynamic responses in the two lines of

0091-3057/88 $3 00 + 00
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LS/SS mice Ethanol Benzodiazepine receptor

THE LS and SS lines of mice were initially selected based on
differential loss of the nighting reflex (‘‘sleep time'") after
ethanol administration [21] Subsequent studies reported a
small difference in ethanol elimination between the two
lines, but this was not sufficient to account for effects on
sleep time [11,12] The LS line also appears to be more sen-
sitive to hypnotic effects of paraldehyde, trichloroethanol,
thiopental, pentobarbital, phenobarbital, barbital, chlor-
drazepoxide, mtrous oxide, isoflurane, and enflurane [6, 7,
19, 24, 33] The differential 1n sensitivity to a broad variety of
hypnotic agents suggests that selection for the mtial
ethanol-responsive phenotype 1n fact resulted 1n selection for
a more general process Several lines of evidence imphcate
the GABA system as a locus for selection (1) Most of the
hypnotic agents listed above exert at least part of their ef-
fects via the GABAergic system [32,35], (2) LS and SS lines
also differ in response to convulsive agents which appear to

act via GABA receptors [23], and (3) LS mice are more
affected by the GABA agonists THIP and baclofen than SS
mice [20] Since whole brain GABA levels and GABA up-
take kinetics do not appear to differ in the two lines [22], 1t 1s
more likely that differences exist in postsynaptic actions of
GABA

The postsynaptic GABA  receptor 1s a complex struc-
ture, mncluding a GABA binding site, an allosterically-
coupled benzodiazepine binding site, and a chlonde
1onophore [10] A recent report based on binding of [3H]-
flunitrazepam to brain membrane preparations in vitro indi-
cated no difference 1n benzodiazepine receptor number or
affinity between the LS and SS hnes, except in midbrain.
However, GABA-enhanced benzodiazepine binding was
greater 1n cortex and cerebellum of SS mice [18] Another
report described no difference in high affimity [*H]-musci-
mol binding, but increased sensitivity of LS mice to mus-
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cimol displacement of [*°S]-t-butylbicyclophosphorothionate
(TBPS), a putative chloride channel hgand [1] In addition,
chloride uptake m response to ethano! was greater in mem-
branes from LS than from SS muce [1] These results support
the presence of functional, although not structural, differ-
ences in the GABA receptor complex between the LS and
SS lines

Studies of 11 vitro binding to brain membrane prepara-
tions are commonly used for benzodiazepine receptor
analyses, but are potentially imited by membrane prepara-
tive techniques and temperature and buffer conditions during
binding assays [29] Techniques employed to remove GABA
may also substantially affect binding results [8] The recent
development of methods to assess benzodiazepine receptor
binding 1n vivo by several groups circumvents many of these
limitations [9,27] Results obtained from /1 ivo studies may
not parallel those obtained in virro, as has been reported n
studies of stress and benzodiazepine or barbiturate adminis-
tration [5, 27. 28, 30] We have used 2 vivo binding tech-
niques to reassess benzodiazepine receptor binding in LS
and SS lines, including effects of three interventions re-
ported to modulate benzodiazepine receptor binding barbi-
turates, ethanol, and stress

METHOD
Matenals

Male LS and SS mice were obtained from the Institute for
Behavioral Genetics, University of Colorado, Boulder, CO
Experiments were performed when mice were 6 to 8 weeks
old CFW nmice were obtained from Charles River Labora-
tories (Wilmington, MA) Mice were housed under a 12-hour
light-dark cycle and fed water and laboratory chow ad Itb
[3H]-Ro15-1788 (Spec Act 82 8 Ci/mmol) was obtained from
New England Nuclear (Boston, MA) Clonazepam, des-
methyl-flunitrazepam, methylclonazepam, and Rol5-1788
were kindly provided by Hoffmann-La Roche, Inc (Nutley,
NJ) All other reagents were obtained from standard com-
mercial sources

Method

LS and SS mice were compared for the following param-
eters
(1) Rotarod ataxia five mice of each line received
clonazepam (0 02-2 mg/kg) one hour prior to testing,
(2) Clonazepam concentrations n cortex three mice of each
line received clonazepam (0 2-2 mg/kg) one hour prior to
sacrifice,
(3) Benzodiazepine receptor binding seven mice of each
strain were evaluated for benzodiazepine binding i1 vivo,
(4) Pentobarbital three mice of each line received pen-
tobarbital (30 mg/kg) one hour prior to determination of bind-
g,
(5) Stress three mice of each line underwent defeat stress
immediately prior to binding determination.
(6) Ethanol three mice of each line received 0 5 g/kg and six
mice of each line received 1 and 2 g/kg received ethanol one
hour prior to binding determination

Drug administration Benzodiazepines and pentobarbital
were dissolved 1n propylene glycol or polyethylene glycol
400 and diluted to the appropriate concentration with saline
Drugs were administered IP in a volume of 015 ml
Clonazepam was administered 1n doses ranging from 0 02 to
2 mg/kg Rol5-1788 was administered at a dose of 6 mg/kg
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Ethanol was diluted to a 209 (v/v) solution with water and
the appropriate amounts administered IP

Rotarod ataxiu Rotarod ataxia was performed according
to the method of Kalir er al [13] Mice were iected with
varying doses of clonazepam IP (0 02-2 mg/kg) and rotarod
performance was evaluated one hour after dosage Results are
expressed as seconds off the rotarod from a 2 minute period

Benzodiazepie and ethanol concentrations in plusma
and brain At the appropriate time pomt, mice were sac-
rificed by cervical dislocation and decaprtation, and trunk
blood was collected into heparimized tubes Plasma was
separated by centrifugation and stored at —20°C until
analysis Brains were rapidly dissected on ice and cortices
were removed In some experiments, cortices were divided
mto approximately equal parts and one half was used for
receptor binding (see below) Cortical tissue was weighed
and homogenized in 1 mi 0 025 M borate buffer (pH 8 3) with
a Polytron (Brinkmann. Lucerne, setting 7, 15 seconds)
Clonazepam was determined by gas-liquid chromatography
by the method of Lister et «/ [15] Ethanol concentrations in
plasma or brain homogenate were determined by enzymatic
methods [16]

Benzodiazepmne receptor binding Benzodiazepine recep-
tor binding was determined by the method of Goeders and
Kuhar [9] as modified by Miller ¢t a!/ [27] Briefly, after
appropriate pre-treatment, mice were mjected via the tail
vein with 3 uCi1 [’H]-Ro15-1788 After 20 minutes, mice were
sacrificed and brains rapidly removed and dissected on ice
Tissue was weighed and placed in vials containing 2 ml
Protosol for 24 hours at 40°C Scintillation flud (10 ml) was
added and vials were allowed to stand at room temperature
for 24 hours prior to counting by conventional scintillation
spectrometry To determine nonspecific binding, mice were
pre-treated with a saturating dose of clonazepam (5 mg/kg IP)
30 minutes prior to radiohgand injection, and tissue was
processed as above Results are expressed as specific bind-
g total binding minus nonspecific binding Specific binding
In cortex was greater than 809 regardless of pretreatment
Administration of vehicle did not alter receptor binding 1n
any brain region evaluated In some expertments, cortices
were divided and segments were used for receptor binding
and clonazepam or ethanol determination In clonazepam
experiments, results were expressed as receptor occupancy
n percent

Clonazepam binding/g —

Nonspecific binding/g
1 - ~ 100
Total binding/g

Nonspecific binding/g

These data in combination with clonazepam concentrations
were fitted to the modified Hill equation y = xY(B + xY)
yielding a sigmoidal function from which IC,, can be calcu-
lated [27]

Defeat stress Defeat stress was performed according to
the method of Miczek ¢t al [25] Briefly, ‘““intruder’ LS and
SS mice were introduced into the home cages of resident
CFW mice As previously described, residents attacked the
intruders n a stylized fashion with bites on the rump Intrud-
ers were transferred to the cage of a new resident after 10 to
20 bites, until 100 bites had been sustained Intruder mice
were then removed and receptor binding was performed as
described above

Statistical analvsis Comparisons between two groups
were made using two-tailed r-tests or the Wilcoxon test for
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FIG 1 Benzodiazepine receptor binding in LS and SS mice Recep-
tor binding was determined by specific uptake of [*H)-Ro15-1788 in
vivo CX=cortex, CB=cerebellum, HY =hypothalamus, P-M=pons-
medulla Results are mean+SEM, n=7 n each group *p<0 05
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FIG 2 Receptor occupancy versus cortex clonazepam concentration in LS and SS
mice The IC;, values for LS and SS mice were similar (22 vs 24 ng/g)

non-Gaussian distributions Comparisons between more
than two groups were made using analysis of varniance with
correction for multiple comparisons

RESULTS

Benzodiazepine receptor binding in vivo was increased in
cortex and hippocampus of LS as compared to SS mice
(p<0.05 1n each region, Fig 1) In the other brain regions
evaluated, cerebellum, hypothalamus, and pons-medulla, no
differences 1n binding were observed between the two
strains There were no differences 1n nonspecific binding be-
tween LS and SS mice 1n any of the 5 brain regions

Comparison of apparent affinities for clonazepam 1n cor-

tex in vivo indicated httle difference between LS and SS
mice (Fig 2) The IC;, value for clonazepam in LS mice was
22 ng/g compared to 24 ng/g for SS mice Thus, the increase
n receptor binding in cortex in LS mice 1s most likely due to
increases in receptor number rather than apparent affinity

Pentobarbital, 30 mg/kg IP, caused increases in receptor
binding 1n cortex, hippocampus, and pons-medulla of SS
mice, and cortex, hypothalamus and pons-medulla of LS
mice at one hour after admimistration (p<<0 05, Table 1)
Specific binding was similar after pentobarbital in LS and SS
mice except for an increase in hypothalamus in LS mice
(p<0 05) The degree of increase in binding above control
levels due to pentobarbital was similar in LS and SS mice in
all brain regions examined
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TABLE 1
RECEPTOR BINDING IN LS AND SS MICE AFTER STRESS AND PENTOBARBITAL

Receptor Binding (fmol/g)

Pentobarbital

Region Control Stress (30 mg/kg)

LS Cortex 8499 = 59 1* 1781 6 = 106 9t 10090 + 173 8
Cerebellum 1227+ 500 3318 454 1682+ 722
Hypothalamus 9135+ 954 30497 = 109 6 21450 = 112 3%
Hippocampus 1109 0 = 54 5* 1477 1 £ 1203 1568 0 = 358 3
Pons-Medulla 6136 = 1863 1563 5 = 1257 1536 2 = 259 3

SS Cortex 6499 + 364 12544 + 695 11363 = 401
Cerebellum 1636 = 636 3136 = 136 4 3045 = 1390
Hypothalamus 8400 = 109 1 2608 8 = 4117 1290 8 = 136 4
Hippocampus 7090 = 1000 9772 = 1257 15453 + 3449
Pons-Medulla 5454 = 104 5 13500 = 1257 1286 2 = 556 1

Results are mean = SEM, n=7 for controls, n=3 for stress and pentobarbital

*p<0 05 vs SS controls
tp<0 05 vs SS stress
ip<0 05 vs SS pentobarbital
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FIG 3 Effects of ethanol admimistration on benzodiazepine receptor binding in LS and SS mice CX=cortex, CB=cerebelium.
HY =hypothalamus, HI=hippocampus, P-M=pons-medulla Results are mean+SEM, n=3 at 0 5 g/kg. n=6 at 1 and 2 g/kg

SEM are omitted for clarity For comparisons see text

Defeat stress, a model of social stress mvolving a
resident-intruder nteraction, led to increases m ben-
zodiazepine receptor binding in cortex, hypothalamus, and
pons-medulla of both LS and SS mice (p<0 05 1n each re-
gon, Table 1) Specific binding after stress was greater in
cortex of LS mice compared to SS mice (p<0 05) The de-
gree of increase 1n binding relative to control binding was
similar 1in SS and LS mice

Binding was also examined one hour after three doses of
ethanol (0 5, 1, 2, g/kg IP) in LS and SS mice (Fig 3). At the
lowest dose, 0 5 g/kg, there were no significant changes m
binding 1n LS mice in any brain region examimned In con-
trast, significant increases in binding were observed 1n cor-
tex, cerebellum, and hippocampus 1in SS mice (p <0 05), with
a trend toward 1ncreased binding in hypothalamus (p =0 14)
Specific binding 1n cortex cerebellum, and hippocampus was
greater 1n SS than LS mice at this dose (p<<0 05 in each
region) After ethanol 1 g/kg, increases in binding compared
to controls were observed In cortex, cerebellum, hypothala-

mus, and hippocampus in LS mice (p<0 05) and further in-
creases 1n binding compared to the 0 5 g/kg dose were ob-
served 1n all brain regions in SS mice (p<<0 05) At this dose,
bimding was increased in SS mice compared to LS mice
cerebellum, hypothalamus, and hippocampus (p<0 05) At
the highest dose of ethanol evaluated, 2 g/kg, there were
nonsignificant trends toward increased binding compared to
the 1 g/kg dose 1n cortex, cerebellum, and hypothalamus of
LS mice (p<<0 15) At this dose in SS mice, binding was
further increased compared to 1 g/lkg 1n cortex (p<0 15), with
nonsignificant trends toward increase in cerebellum and
hypothalamus (p<<0 15) Specific binding at 2 g/kg was in-
creased m SS versus LS mice in hypothalamus and hip-
pocampus (p<<0 05) These doses of ethanol did not alter
nonspecific binding in erther stramn In sum, at 3 ethanol
doses, binding was increased 1n several brain regions in SS
compared to LS mice, despite lower baseline binding in SS
mice

To ensure that these differences in response to ethanol
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were not due to ethanol absorption or delivery to brain,
ethanol concentrations were evaluated 1n plasma and brain
of treated mice There were small but non-significant in-
creases 1n ethanol 1n plasma and brain of LS compared to SS
mice at each dose evaluated (data not shown) To assess
brain uptake of benzodiazepines in LS and SS mice, we de-
termined clonazepam concentrations i cortex of these
strains one hour after varying doses of clonazepam (0 02-2
mg/kg IP) Clonazepam concentrations were slightly greater
in LS compared to SS mice at each dose, but these differ-
ences were not significant (data not shown) We also com-
pared effects of varying clonazepam doses on rotarod per-
formance, a parameter known to be affected by ben-
zodiazepines At each dose, rotarod ataxia was greater in LS
compared to SS mice, but these differences did not achieve
significance (data not shown)

Differences 1n receptor binding as determined by specific
uptake of [*H]-Ro15-1788 mught be related to delivery of the
radioligand to brain rather than actual differences in binding
To address this possibility, we administered saturating doses
of unlabeled Ro15-1788 (6 mg/kg) to LS and SS mice and
determined cortex concentrations of this compound at 20
minutes [15] Concentrations of Rol15-1788 were similar in
the two stramns (LS 96 9+6 5 ng/g, SS 86 6+4 4 ng/g,
mean+=SEM, n=3, p=04)

DISCUSSION

LS and SS mice differ both in pharmacokinetic and phar-
macodynamic responses to ethanol and a variety of other
sedatives [7, 11, 21] In accordance with prior reports, we
found a trend toward increased pharmacodynamic effects of
clonazepam in LS compared to SS mice We also demon-
strated a trend toward increased clonazepam uptake 1n brain
after acute admuimstration in LS and SS mice, analogous to
the small increases in ethanol concentrations observed 1n the
LS line

With regard to benzodiazepine receptor binding, our re-
sults are 1n contrast to prior studies based on iz vitro binding
techniques, which reported alterations 1n [*H]-flunitrazepam
binding 1n membrane preparations only in midbrain of LS
mice [10] We observed increases in benzodiazepine recep-
tor binding as assessed by [*H]-Ro15-1788 uptake # vivo n
cortex and hippocampus of LS mice compared to SS mice
The discrepancy between the iz vivo binding data reported
here and prior in vitro binding studies may be 1n part due to
Iimitattons of tn vitro binding techniques, which may be al-
tered by tissue preparation, temperature and buffer condi-
tions, and techmques to remove GABA (8, 22, 29] In vivo
methods appear to bypass these limitations, {9,27] and we
and others have previously reported that increases in recep-
tor binding 11 vivo due to stress or barbiturate administration
may not be reflected in in v.tro binding analyses [5,28] In
addition, the n vitro studies in LS and SS lhines were con-
ducted in female mice, in contrast to male mice used in the
present study Since there i1s some evidence that steroid
metabolites may alter benzodiazepine receptor binding [4,
17, 311, 1t 1s possible that different phases of the estrus cycle
might confound in vitro results

The observed differences 1n receptor binding might be
due to alterations in receptor number or apparent affinity
Our studies 1n clonazepam-treated mice indicate that appar-
ent affinity for clonazepam 1n cortex 1s similar in LS and SS§
mice, suggesting that increases 1n binding are most likely due
to increased receptor number An additional explanation for

increased uptake of [*H]-Ro15-1788 in LS mice 1s enhanced
delivery of radiohgand to brain rather than increased bind-
ing However, concentrations of unlabeled Ro15-1788 were
similar 1n cortex of LS and SS mice While the dose of un-
labeled Ro15-1788 was substantially greater than the tracer
doses used 1n radiohgand studies, uptake of this compound
mto brain 1s dose-dependent [15], making 1t unhkely that
changes n delivery of radioligand can account for the in-
crease 1n receptor binding 1n LS mice Further, the lack of
difference 1 nonspecific binding 1n any bramn region miti-
gates against an effect based on delivery of radiohgand

To assess possible differential modulation of receptor
binding n the LS and SS lines, we evaluated effects on re-
ceptor binding of three interventions reported to increase in
vivo binding in other strans barbiturates, stress, and
ethanol [5, 28, 30] Increases in benzodiazepine receptor
binding have been described both (n vizro and i vivo after
acute barbiturate administration 1n several mouse strains
[14,30] We observed similar increases 1n several brain re-
gions after a single dose of pentobarbital known to increase
receptor binding 1n other strains We found differences in
pentobarbital effects between the LS and SS lines only 1n
hypothalamus. and we found no differences n the degree of
increase 1n binding n the two lines Behavioral evidence
indicates that this dose of pentobarbital has little effect on
“sleep-time’” 1n SS mice, but significantly increases
“sleep-time”’ 1n LS mice [2] It 1s thus unlikely that differ-
ences 1 benzodiazepine binding account for the differential
response to pentobarbital in these lines

Defeat stress has been shown to produce increases in
receptor binding in several brain regions in CFW and B6AF1
strains [28] Defeat stress led to increases m binding in cor-
tex, hypothalamus, and pons-medulla in both LS and SS
lines Binding m cortex was greater after stress in LS versus
SS muce, although the degree of increase in binding com-
pared to control levels was similar in all brain regions eval-
uated Thus, the responses of SS and LS mice to pentobarbi-
tal and stress are similar to other mouse strains and similar
between the two lines, with increases in specific binding 1n
response to both stimuli only 1n single regions in LS mice

Ethanol increases benzodiazepine receptor binding in
vivo 1n several strains of mice [S] The effects of ethanol on
the LS and SS lines are of particular interest, given the
differences in pharmacodynamic responses to ethanol in these
lines and evidence from several studies indicating that
ethanol exerts at least some of its effects wvia the
benzodiazepine-GABA complex [34,35] Prior studies indi-
cate that the ED, for ethanol on loss of the righting reflex in
LS mice 1s 1 65 g/kg, and in SS mice, 3 64 g/kg [11] Little
effect was seen 1n either line at doses less than 1 g/kg [2],
while a substantial increase 1n sleep-time was observed at a
dose of 2 glkg We observed no change in benzodiazepine
receptor binding in LS mice at 0 5 g/kg, but significant n-
creases were found at 1 and 2 g/kg corresponding to doses
which increased sleep-ime In contrast, binding was 1n-
creased in SS mice at 0 5 g/kg and markedly increased at
doses of 1 and 2 g/kg, despite little effect on sleep-time at
these doses These data do not support a simple correlation
of benzodiazepine receptor binding and increasing sleep-
time 1n the two lines It 1s more likely that differences exist in
the benzodiazepine receptor complex between LS and SS
mice such that ethanol effects both receptor binding and re-
ceptor function differentrally

As discussed above, prior studies reported in vitro differ-
ences m benzodiazepine receptor coupling to GABA,
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GABA coupling to the chloride 1onophore, and 1n chloride
flux 1n response to ethanol between the LS and SS lines [1,
10, 18] However, GABA concentrations were not differen-
tially altered by ethanol in these lines [3] Our data indicating
increases in benzodiazepine receptor binding 7 vive m LS
mice suggest structural as well as functional differences 1n
benzodiazepine receptors in these lines We have also
demonstrated modulation of benzodiazepine receptor bind-
g i vivo 11 LS and SS mice by pentobarbital, stress and
ethanol These data suggest that both receptor number and
affinity can be increased in LS and SS lines, since pentobar-
bital appears to increase receptor affinity [30] and stress in-
creases receptor number [28] The differential modulatioh of
receptor binding by ethanol but not by pentobarbital or
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stress may indicate that these lines differ not only in general
characteristics of the benzodiazepine-GABA complex, but
also n specific responses of this complex to ethanol Differ-
enttal modulation of receptor binding may contribute to the
differing sedative responses to ethanol in LS and SS mice
Further studies in selectively-bred lines may shed light on
the effects of benzodiazepine receptor modulation, and
perhaps on the structural determinants of receptor function
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