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HUTCHINSON, M. A., C. L. DARLINGTON AND P. F. SMITH. Theeffects of long-term, low-dosediazepam treat- 
ment on the guinea pig righting reflex and medial vestibular nucleus neuronal activity. PHARMACOL BIOCHEM BEHAV 
SO(4) 665-669, 1995. -Guinea pigs received a 2 mg/kg IP injection of diazepam, or an equivalent volume of vehicle, daily for 
28-60 days. To determine whether tolerance developed to the ataxic effects of diazepam on the righting reflex, daily righting 
reflex latency (RRL) measurements were made before and 20,30, and 40 min following the diazepam or vehicle injection for 
28 days. Analyses of the RRLs for individual animals indicated that a significant decrease in RRL over time (indicating 
tolerance) occurred in only one out of nine animals receiving diazepam and in none of the vehicle animals. Medial vestibular 
nucleus (MVN) neurons in brain stem slices from animals receiving chronic diazepam treatment had a significantly higher 
average firing rate than those from vehicle controls. These results suggest that: a) long-term treatment with single 2 mg/kg 
daily IP injections of diazepam does not result in tolerance to diazepam’s ataxic effects on the righting reflex in the majority 
of animals; b) this form of diazepam treatment may, nonetheless, induce a hyperactivity of brain stem MVN neurons that 
may be consistent with the occurrence of a withdrawal syndrome. 

Diazepam Tolerance Vestibular nucleus in vitro Righting reflex 

IN MANY animal studies, administration of benzodiazepines 
(BDZs) for a period of 2-4 weeks has been shown to induce 
tolerance to their anticonvulsant (11,17), sedative (12), muscle 
relaxant, and ataxic effects (18,21). Whether, and to what 
extent, tolerance also develops to the anxiolytic effects of 
BDZs is more controversial [e.g., (3,31)]. 

In general, tolerance develops more easily when consistent 
blood plasma levels of the BDZ are maintained for long peri- 
ods of time, e.g., using divided doses (12) or SC osmotic 
minipumps that permit continuous release (19). Nonetheless, 
tolerance to the effects of some BDZs, such as lorazepam and 
triazolam, has been obtained with single, daily injections, even 

using low doses i.e., less than 3 mg/kg/day (e.g., lorazepam, 
0.125-0.5 mg/kg/day IP (6,7,15); triazolam, 0.075-0.25 mg/ 
kg/day IP (6)). In contrast, few studies have demonstrated 
tolerance to diazepam when low doses are used in single, daily 
injections [e.g., 1 mg/kg/day IP (l)]. 

Diazepam has been reported to depress vestibular reflexes 
(20), probably via its action on GABA, receptors within the 
brain stem vestibular nucleus (26,28). The righting reflex is a 
fast postural reflex that is initiated by the vestibular labyrinth 
and generated by vestibular nucleus neuron projections to the 
spinal cord (30). In guinea pigs, diazepam has been demon- 
strated to increase the latency to generate a righting reflex in a 
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dose-dependent manner (25,27); part of this effect is probably 
mediated by the action of diazepam on GABAA receptors in 
the vestibular nucleus. In previous studies, the latency to gen- 
erate a righting reflex (righting reflex latency, RRL) has 
proven to be a sensitive measure of the ataxic effect of diaze- 
pam on this vestibular reflex, and one that is relatively simple 
to quantify (4,25,27). The aim of the present study was to 
determine whether tolerance develops to the ataxic effects of 
diazepam on the guinea pig righting reflex when single, daily 
injections of a low dose (2 mg/kg IP) of diazepam are admin- 
istered for 28 days. This dose was chosen because pilot studies 
have shown that it results in increased RRLs without inducing 
the high levels of sedation seen at doses used in previous stud- 
ies [e.g., 5 mg/kg (25)). In the anxiolytic dose range used in 
humans, diazepam does not induce high levels of sedation 
(31). A second aim was to obtain a neural correlate for diaze- 
Pam’s effect on the righting reflex. For this purpose in vitro 
recordings were made from neurons in the medial vestibular 
nuclei (MVN) (2,5,28) [an area known to mediate the righting 
reflex (30)] of animals that continued to receive diazepam for 
57-60 days. 

METHOD 

Data were obtained from 13 male pigmented guinea pigs 
(380-840 g) with both vestibular labyrinths intact. Nine ani- 
mals received daily IP injections of 2 mg/kg diazepam in a 
volume of 0.4 ml/kg vehicle (Valium MM, Roche, NZ) for at 
least 28 days; four of these animals received diazepam injec- 
tions for 57-60 days, at which time they were used for slice 
experiments. The remaining four animals received daily IP 
injections of an equivalent volume of vehicle solution for 44- 
47 days before being used for slice experiments. Injections 
were given within 2 h of the same time each day in the same 
environment, and the last diazepam or vehicle injection was 
administered 24-26 h prior to the slice experiment. 

For all 13 animals, righting reflex latency (RRL) measure- 
ments were made every day for 28 days using an electronic 
device that was designed and built in the Department of Psy- 
chology, University of Otago (4). Four diazepam and four 
vehicle animals continued to have RRL measurements made 
in the same way until day 42. However, because in some diaze- 
Pam-treated animals RRL was measured for only 28 days (see 
above), only RRL data up to day 28 were used for statistical 
analyses. 

Briefly, the device used to measure RRLs consisted of a 
semicylindrical platform positioned on a 2 kg load cell. The 
load cell transduced changes in load during a righting reflex 
into a signal that was amplified and displayed as a waveform 
on a MacClassic computer screen via a MacLab data acquisi- 
tion system (Analog Digital Instruments) (4). The MacLab 
unit sampled from the amplifier at 20 Hz, giving a measure- 
ment resolution of 0.05 s. 

Animals were placed on the tolerometer platform in the 
supine position and as they generated a righting reflex, the 
MacLab Chart program displayed a trace on the Macintosh 
computer screen, which represented the load changes during 
the reflex manouvre. For each trace, cursors available in the 
Chart program were used to measure the difference (in sec- 
onds) between the placement of the animal on the platform in 
the supine position and the peak of the initial positive deflec- 
tion (corresponding to the initiation of the righting reflex 
movement) (4). Traces from each RRL test were stored on 
disk for later analysis. 

Animals in both the diazepam and vehicle groups had their 

RRLs measured daily, before and 20, 30, and 40 min follow- 
ing their injection. Three postinjection measurement times 
were used in an attempt to ensure that the RRL would be 
measured at the time when the diazepam exerted its maximal 
effect on the righting reflex. These three times were selected 
on the basis of pilot studies that showed that the maximal 
effect of 2 mg/kg diazepam occurred at different times on 
different days, but usually between 20 and 40 min postinjec- 
tion. Pharmacokinetic data suggest that the peak blood 
plasma concentrations of diazepam are reached approximately 
20 min following an IP injection in rats (13). The preinjection 
measurement was subtracted from each of the three postinjec- 
tion measurements to control for daily fluctuations in RRL; 
for each animal, this resulted in three RRL differences for 
each of the 28 days of testing. 

In preparation for the slice experiments, animals were anes- 
thetized with 30 mg/kg IP Nembutal, decapitated, and the 
brain stem quickly removed to chilled artificial cerebrospinal 
fluid (ACSF) of approximately 4OC. Coronal slices containing 
the MVN (approximately 400-600 pm thick) were cut by hand 
with a chilled razor blade and the two MVN were dissected 
from the slice (2,28). The MVN could be identified easily 
during dissection by its proximity to the sulcus limitans (in the 
horizontal plane) and the IVth ventricle (in the coronal plane). 
The MVN slices were incubated in a standard immersion slice 
chamber at 28-30°C for l-2 h prior to recording and super- 
fused continuously with standard ACSF (in mM): NaCl 126.0, 
KC1 5.0, KHzPOP 1.25, MgSO, 1.3, NaHCOJ 26.0, glucose 
10.0, CaCl, 2.5, Phenol red (0.05%), continuously bubbled 
with 95% O2 and 5% CO* and maintained at a pH of 7.4. 
During recording, the chamber temperature was maintained 
at 35-37% and the ACSF flow rate was 2 ml/min. The time 
from decapitation to immersion in the slice chamber was al- 
ways less than 6 min (2,25,28). 

Extracellular recordings were made from single, randomly 
sampled MVN neurons using glass micropipettes (3-5 MB im- 
pedance) filled with 2 M NaCl and Fast green FCF dye, to 
facilitate visualization of the electrode position. The electrode 
was moved through the slice using a Narishige nanostepper. 
Action potentials were amplified using a Dagan amplifier 
(low-pass filtered at 30 kHz), fed into a Grass audiomonitor, 
and displayed on an Iwatsu (DS-6411) digital storage oscillo- 
scope. The discharge of MVN neurons in vitro is very regular 
(2,25,26,28) and, therefore, firing frequency was measured as 
the inverse of the interspike interval using the computational 
facilities of the oscilloscope (25). Only one slice was removed 
from each diazepam- or vehicle-treated animal, and an at- 
tempt was made to record an approximately equal number of 
neurons from the slices each group. 

Previous studies have indicated that the acute effects of 
diazepam, at doses as low as 2 mg/kg IP, are highly variable 
between animals [e.g., 5.1-180.0 s (27)]. Therefore, rather 
than conducting group analyses, planned analyses were car- 
ried out for the individual diazepam-treated and vehicle- 
treated animals. The largest RRL difference of the three daily 
measurements was calculated for each animal for each day in 
the 28 days of testing. For each animal, the average maximal 
RRL differences for the first and last 14 days of treatment 
were calculated and compared using planned, two-tailed, 
paired t-tests (29). If the average RRL difference for the last 
14 days of treatment was significantly less than that for the 
first 14 days, it was concluded that tolerance had developed. 

The average firing rates of MVN neurons in slices from 
animals in the diazepam and vehicle groups were compared 
using a two-tailed, unpaired t-test (29). A x2 test was used to 
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compare the distributions of firing rates in the two groups of 
slices (29). The significance level was set at 0.05 for all statisti- 
cal comparisons. 

RESULTS 

The effects of 2 mg/kg IP diazepam on the righting reflex 
were highly variable (Fig. 1). In some cases, the diazepam in- 
jection caused a large increase in RRL (e.g., > 30 s; Fig. lA), 
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FIG. 1. Maximum righting reflex latency (RRL) differences (i.e., 
maximal postinjection latency minus preinjection latency, in seconds) 
for three guinea pigs that received 2 mg/kg/day diazepam IP for 28 
days. (A) Example of an animal that showed large increases in RRL 
but that showed no clear signs of tolerance. (B) Example of an animal 
that showed no change in RRL. (C) Example of the animal that ini- 
tially showed an increase in RRL but then developed tolerance. 

FIG. 2. Firing rate distributions for medial vestibular nucleus (MVN) 
neurons in slices from vehicle-injected animals (veh) and diaxepam- 
injected animals (2 mg/kg/day IP, for up to 63 days, dz). The y axis 
shows the percentage of neurons that were recorded in each firing rate 
category. 

in other cases, it had little effect (Fig. 1B). Although three 
out of nine diazepam-treated animals showed a trend toward 
shorter RRLs during the last 14 days of treatment, only one 
animal showed a reduction in RRL difference over time that 
was statistically significant @ < 0.05; Fig. 1C). None of the 
vehicle-treated animals showed significant changes in RRL 
over time, similar to previous studies (25,27). 

The average firing rate for MVN neurons in slices from 
vehicle-treated animals (control slices) was 13.0 f 5.3 (SD) 
spikes/s (n = 15 neurons), which was similar to the average 
firing rate that we have recorded for MVN neurons in slices 
from uninjected animals in previous studies [e.g., 13.7 f 11.7 
spikes/s, n = 68; (2)]. The average firing rate for MVN neu- 
rons in slices from diazepam-treated animals was significantly 
higher than for control slices (29.7 + 19.9 spikes/s, n = 18, 
p < 0.005, unpaired t-test). When the average firing rate was 
calculated for each slice from each animal, similar overall 
means for the vehicle- and diazepam-treated groups were ob- 
tained (13.0 f 1.2 and 27.5 f 10.8 spikes/s, respectively). 
The distributions of the firing rates for neurons in the two 
groups of slices were also significantly different @ < 0.001, 
x2 test; Fig. 2). The firing rates of MVN neurons from the 
animal that showed behavioral tolerance to diazepam and 
MVN neurons from diazepam-treated animals that did not 
exhibit tolerance, were similar. 

DISCUSSION 

The present study demonstrated that, for the majority of 
guinea pigs, the administration of 2 mg/kg/day diazepam IP 
for 28 days did not result in the development of tolerance to 
the ataxic effects of diazepam on the righting reflex. Only 
three out of nine diazepam-treated animals showed any indica- 
tion of tolerance, and in only one case was there a statistically 
significant reduction in RRL. These data are consistent with 
previous evidence that tolerance is difficult to induce with 
single daily injections of low doses (i.e., < 3 mg/kg) of diaze- 
pam (1). It is possible that the individual differences in the 
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chronic effects of diazepam were due in part to pharmacoki- 
netic factors; however, it has been suggested that different 
animals can have different sensitivities to the effects of BDZs 
on the CNS (8). We believe that it is unlikely that tolerance 
was not observed in most cases because RRL is an unreliable 
measure of ataxia; our previous studies have shown that, 
where tolerance to the ataxic effects of diazepam does de- 
velop, the RRL reflects this adaptation (25,27). Statistical 
analysis was restricted to the RRL data for the first 28 days 
of treatment (see the Method section); however, of the four 
diazepam-treated animals in which RRL was measured be- 
yond day 28, only one showed any further decrease in RRL 
between day 28 and day 42. Therefore, for the majority of 
animals in which tolerance did not develop by day 28, no 
further signs of tolerance were observed with longer periods 
of treatment with 2 mg/kg/day diazepam. 

The present study also demonstrated that treatment with 2 
mg/kg/day diazepam for up to 60 days caused a large and 
significant increase in the average firing rate of MVN neurons 
in vitro (Fig. 2). The significance of this finding is unclear at 
present. Although pharmacokinetic data for the metabolism 
of diazepam in guinea pig are limited, the available data (14) 
suggest that the elimination half-life is approximately 2.4 h; 
therefore, it is possible that the MVN neuronal activity re- 
corded in the present experiment was related to diazepam 
withdrawal. Nonetheless, these data suggest that long-term 
diazepam administration may produce adaptive changes in 
MVN neurons that result in the development of hyperactivity. 
These neuronal changes appear to develop irrespective of the 
development of behavioral tolerance and are of special interest 
considering the low diazepam dose used, Many previous stud- 
ies describing neural changes induced by long-term BDZ ad- 
ministration have used high-dose regimes that bear little rela- 
tionship to doses used in humans [e.g., 100-150 mg/kg/day 
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flurazepam (32)]. However, some previous studies have re- 
ported that withdrawal syndromes can be induced with 2 mg/ 
kg/day or less of diazepam (5) lorazepam (19,22), alprazolam 
(10,16) or clonazepam (23,24). In the present experiment, 24- 
26 h following the final diazepam injection, animals displayed 
behavioral hyperactivity similar to that observed in previous 
studies of diazepam withdrawal (5). Given the short half-life 
for diazepam in guinea pig (14), the possibility must also be 
considered that animals were experiencing some withdrawal 
symptoms between the daily diazepam injections, which were 
spaced 24 h apart (+ 2 h); this might account for some of the 
RRL variability between animals. 

The duration of BDZ administration may be a critical fac- 
tor in the development of neuronal hyperactivity within the 
MVN. In a previous study using guinea pigs (25), the majority 
of animals received a single, daily IP injection of 5 mg/kg 
diazepam for 3-4 weeks; however, no significant changes in 
MVN neuron resting activity in vitro were observed. Conse- 
quently, when using single, daily IP injections, administration 
of diazepam for longer than 4 weeks may be necessary to 
induce neuronal hyperactivity within the MVN. Future studies 
will need to address the mechanism(s) responsible for the hy- 
peractivity of MVN neurons following long-term diazepam 
administration, by evaluating changes in their sensitivity to 
excitatory and inhibitory amino acid neurotransmitters, 
GABA in particular (9). 
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