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The Effects of Acute and Chronic Haloperidol 
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The delayed therapeutic effects of neuroleptics have been 
attributed to D2-mediated depolarization inactivation (DI) 

of mesolimbic dopaminergic neurons and concomitant 
reduction in dopamine release. Several studies have 
suggested, however, that DI may not reduce dopamine 
release and have hypothesized that this is due to increased 
impulse independent release. To examine the mechanisms 
that modulate dopamine release during DI, tetrodotoxin 
(TTX) was infused into the left medial forebrain bundle 
(MFB) of Sprague Dawley rats. Three-methoxytyramine 
(3-MT) levels 10 minutes after pargyline (75 mg/kg) were 
used as a measure of dopamine release. A dose response 
study showed that infusions of 10-5 mol/L and 10-4 mol/L 
TTX reduced 3-MT levels on the infused side by 70% in the 
striatum and 50% to 60% in the nucleus accumbens. In a 
time course study, 10-5 mol/L TTX reduced striatal 3-MT 
at 30, 90, and 120 minutes. 
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After intraperitoneal injections of haloperidol (0.4 mg/ 
kg) for 1 or 21 days, TTX infusions again reduced 3-MT 
levels by approximately 70% in the striatum and 53% to 
59% in the nucleus accumbens on the infused side. Acute 
and chronic haloperidol treatment did not alter the percent 
of TTX-induced reductions. These data suggest that 
dopaminergic neuronal impulse flow modulates similar 
amounts of total transmitter release after both acute and 
chronic haloperidol treatment. The results do not support 
the notion that DI mediates the antipsychotic effects of 
neuroleptics by markedly reducing total basal dopamine 
release or increasing impulse independent release. 
Alternatively, DI could reduce psychotic symptoms by 
changing the responsiveness of the dopamine system to 
external stimuli or by reducing synaptic dopamine levels 
that have been hypothesized to be elevated in psychotic 
patients. [Neuropsychophannacology 14:211-223, 1996] 

Antipsychotic medications are thought to exert their 
therapeutic effects through dopamine D2 receptor block
ade. This hypothesis is supported by the strong correla
tion between the clinical potency of neuroleptics and 
their affinity for dopamine D2 receptors (Creese et al. 
1976). One difficulty with this hypothesis is the delay in 
therapeutic efficacy of neuroleptics. Whereas blockade 
of dopamine D2 receptor blockade occurs within sev
eral hours, antipsychotic effects take several days or 
weeks to develop (Glovinski et al. 1992; Carr 1983; Keck 
et al. 1989; however, see Stem et al. 1993). 
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Time-dependent changes in the dopamine system 
have been invoked to explain the delay in therapeutic 
efficacy of antipsychotic drugs. Several investigators 
(White and Wang 1983a,b; Chiodo and Bunney 1983, 
1985) have demonstrated that most dopamine neurons 
become electrically inactive during 2 to 3 weeks of drug 
treatment. This phenomenon, described as depolariza
tion inactivation (DI), has been produced by a variety of 
neuroleptics, doses, routes of administration, and lengths 
of treatment (Bunney and Grace 1978; White and Wang 
1983a,b; Chiodo and Bunney 1983, 1985, 1987; Scarsfeldt 
1988). Di's antipsychotic effects were hypothesized to 
result from marked reductions in impulse-dependent 
dopamine release, with limited residual levels becom
ing impulse independent (Chiodo and Bunney 1983, 
1985). Acute neuroleptic treatment, on the other hand, 
markedly increases dopamine firing rates and release 
(Zetterstrom et al. 1985; Imperato and Di Chiara 1985). 
This initial increase has been hypothesized to acutely 
overcome the blockade of dopamine D2 receptors (Chiodo 
and Bunney 1983, 1985; Blaha and Lane 1987; Grace 
1991). If DI produces a gradual reduction in dopamine 
release over several days or weeks, the net stimulation 
of postsynaptic D1 and D2 dopamine receptors would 
also gradually decrease, leading to an improvement in 
psychotic symptoms (Chiodo and Bunney 1985; Blaha 
and Lane 1987). 

Several methods have been used to examine extracel
lular dopamine levels during long-term antipsychotic 
treatment. Results from in vivo microdialysis studies 
have conflicted. Some have found reductions (Bettini et 
al. 1987; Ichikawa and Meltzer 1990; Chen et al. 1991), 
whereas others have reported no change or persistent 
elevations in dopamine levels (Gonon 1988; Invernizzi 
et al. 1990; Zhang et al. 1989; Hernandez and Hoebel 
1989; See et al. 1992; Moghaddam and Bunney 1993). 
Possible explanations for these discrepancies include 
differences in use of anesthesia (Zhang et al. 1989), 
types of perfusates (Tepper et al. 1991), variability in 
basal measures, or placement of probes. Furthermore, 
insertion of the dialysis probe itself could produce suffi
cient tissue disruption to reverse DI (Grace 1992). Using 
in vivo voltammetry, Lane and Blaha (1987) reported 
reduced dopamine signal, supporting the DI hypothe
sis. On the other hand, Compton and Johnson (1989) 
used in vitro slices and electrical field stimulation and 
did not find lower extracellular dopamine in either the 
striatum or nucleus accumbens. These studies, although 
inconsistent, raise serious questions about the associa
tion of DI and reduced dopamine release (Grace 1991). 

Three-methoxytyramine (3-MT) accumulation after 
pargyline administration has been shown to be a good 
index of dopamine release (Wood and Altar 1988). 
Assaying 3-MT accumulation does not require in vivo 
tissue disruption, and thus has a potential advantage 
when studying DI. Dialyzable 3-MT levels are highly 
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correlated with, and reflect changes in, dialyzable dopa
mine under many conditions (Wood et al. 1987, 1988), 
including after pargyline (Butcher et al. 1990) and acute 
antipsychotic treatment (Brown et al. 1991). It has been 
suggested that 3-MT levels may reflect receptor-relevant 
dopamine concentrations more accurately than extracellu
lar dopamine (Kuczenski and Segal 1992). Extracellular 
3-MT has the same fractional rate constant as tissue 3-MT, 
indicating that these are essentially identical pools 
(Wood et al. 1988). Tissue 3-MT accumulation, in partic
ular, is a dynamic measure of dopamine release that 
appears more sensitive, under a number of conditions, 
than steady-state 3-MT levels for assessing changes in 
dopamine release (Karoum and Egan 1992; Karoum et 
al. 1994a,b). 3-MT accumulation is elevated in the stria
tum and nucleus accumbens after chronic treatment 
with antipsychotic medications (Egan et al. 1991), add
ing support to those studies suggesting that antipsy
chotics do not reduce synaptic dopamine during DI [for 
review, see Grace (1991)]. 

It is unclear what processes regulate dopamine release 
during DI. One possibility is that increased impulse
independent transmitter release compensates for reduced 
impulse flow (Grace 1991, 1992; Hollerman et al. 1992). 
In this case, cortical glutamatergic projections might 
regulate dopamine release. A second possibility is that 
residual dopamine neuronal impulse flow continues to 
regulate dopamine release. Dopamine neuronal firing 
can be blocked with gamma-butyrolactone (GBL). 
Treatment with GBL after long-term neuroleptic admin
istration produces a marked reduction in striatal and 
nucleus accumbens' 3-MT accumulation (Chrapusta et 
al. 1994), suggesting impulse flow modulates release 
during DI. It is unclear, however, whether GBL could 
affect impulse-independent dopamine release, such as 
that which could be mediated by glutamate. 

A second method used to block dopamine neuronal 
impulse flow may be more specific. Tetrodotoxin (TTX) 
is a neurotoxin that blocks voltage-gated sodium chan
nels (Narahashi 1974). Infusion of TTX into the medial 
forebrain bundle (MFB) has been shown to block 
nigrostriatal neuronal impulse flow (Commissiong et al. 
1990) and to reduce extracellular dopamine in the stria
tum. This effect is not due to reduced glutamate ncu
rotransmission (Keefe et al. 1992), and thus is most 
likely due to blockade of dopaminergic neuronal impulse 
flow. TTX infusions into the MFB during long-term neu
roleptic treatment should block any residual dopami
nergic neuronal impulse flow. Marked reductions in 
dopamine release after TTX infusions would indicate 
that the MFB continues to mediate significant portions 
of dopamine release (Egan et al. 1993). The goal of this 
study was to examine the effects of acute and chronic 
neuroleptic treatment on the amount of dopamine 
release controlled by impulse flow through the MFB, 
using TTX infusions to block this impulse flow. 
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METHODS 

Male Sprague-Dawley rats (Zivic Miller, Allison Park, 
PA) weighing between 350 and 410 g at time of infu
sions were used for all experiments. Animals were housed 
three per cage and maintained on a 12-hour light/ dark 
cycle (light 7 A.M. to 7 P.M.) with free access to food and 
water. Deep anesthesia was obtained using a mixture of 
ketamine (70 mg/kg) and xylazine (6 mg/kg) injected 
intraperitoneally (IP) 30 minutes prior to surgery. Tetro
dotoxin (TTX) (Sigma Chemical Co., St. Louis, MO) or 
an equal volume of vehicle (saline buffered with 1 mM 
phosphate, pH 7.4) was infused into the left MFB 
through a 28-gauge stainless steel cannula connected to 
a 10 µl Hamilton syringe. Infusion rate and time (1 µI/ 
min for 1.5 minutes) were controlled using a Harvard 
syringe infusion pump (#22, Harvard Apparatus, South
natick, MA). Cannulae were slowly lowered into the 
brain to the following coordinates: AP - 2.6 mm, ML 

a 

+2.0 mm, and DV -8.4 mm relative to bregma (Paxinos 
and Watson 1986). After infusion, cannulae remained in 
place for 5 minutes and then were slowly withdrawn. 
Flow of infusate was immediately assessed by visual 
inspection for 10 to 20 seconds. In no case was the flow 
blocked or noticeably slowed. Test injections of 1 % 
methylene blue dye followed by decapitation and cut
ting the brain in 0.2-mm sections indicated that cannu
lae reproducibly (n = 5) infused dye into an area 
incorporating the left MFB (Figure lA-F). In some 
brains, small amounts of staining were seen in the cau
dal striatum (lD), which was not included in dissec
tions of the striatum. In all experiments, cannula tracks 
were visually verified to be posterior to the striatum, 
through the hippocampus, and roughly at the same 
depth as the dorsal tip of the third ventricle. 

In the first experiment, the effects of dose on striatal 
and nucleus accumbens' 3-MT accumulation were exam
ined using three concentrations of TIX (lo-6 mol/L, 

Figure 1. Photographs of 
dye infusions into the left 
MFB (right side of pictures) in 
unstained rat brain (all coor
dinates are approximate and 
given in mm relative to 
bregma in the anterior-poste
rior dimension). (a) the stria
tum is unstained at + 1.70, (b) 
+1.20, and (c) +.3 to +.5; in 
(d) at -2.10, there is slight 
staining of the most ventral 
and caudal portion of the stria
tum (not included in dissec
tions); (e) at approximately 
-2.3, the cannula track is seen 
entering the cortex while a 
region incorporating the MFB 
is stained; (f) -2.6 with the 
lower portion of the cannula 
track apparent and clear stain
ing of a region incorporating 
theMFB. 
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10-5 mol/L, or 10-4 mol/L) or vehicle (n = 4 per group) 
infused 30 minutes before death by microwave irradia
tion. In the second study, time effects were assessed 
using a 10-5 mol/L TTX solution infused at 30 minutes, 
90 minutes, and 120 minutes prior to death. Separate 
control groups were infused at each time point with an 
equal volume of vehicle. 3-MT accumulation was mea
sured in the striatum only. 

To assess the effects of TTX infusion on 3-MT accu
mulation after chronic haloperidol treatment, animals 
were injected IP with either haloperidol (0.4 mg/kg) 
(McNeil Pharmaceuticals, Spring House, PA) or an 
equal volume of vehicle for 3 weeks. Haloperidol was 
dissolved in 0.1 ml glacial acetic acid, diluted with dis
tilled water, and adjusted to approximately pH 5.6 with 
NaOH. On the 21st day, animals were given a final IP 
injection 1 hour before death. Vehicle or TTX solutions 
were infused into the left MFB, 30 minutes prior to 
death. Animals treated chronically with vehicle (veh
chronic; see Table 1) received a final IP injection of either 
vehicle (vehchronic/vehacute group) or haloperidol (veh
chronic/haloperidolacute group) followed by TIX or vehi
cle infusion. Rats treated chronically with haloperidol 
(haloperidolchronic) were also given a final injection 1 
hour before being killed of either haloperidol (haloperi
dolchronic/haloperidolacute group) or vehicle (haloperi
dolchronic/vehacute group). The latter group was used as 
a baseline to assess the acute effects of the last of 21 
daily injections of haloperidol. The haloperidolchronic/ 
haloperidolacute and haloperidolchronic/vehacute groups 
were then divided into two groups each, one receiving 
vehicle and the second, TTX infusions into the MFB. 

Three-methoxytyramine was allowed to accumulate 
for 10 minutes after pargyline hydrochloride adminis-
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tration (75 mg/kg, IP) as previously described (Egan et 
al. 1991). Animals were then killed by focused beam mi
crowave brain irradiation (2450 MHz, 7kW for 1.3 sec
onds) (Radio Japan NJE 2603, Great Plains Laboratories, 
Norman, OK) which prevents postmortem alterations 
in 3-MT concentrations [for review, see Wood and Altar 
(1988)]. After decapitation, brains were removed and 
placed on ice. Right and left striata and nuclei accum
bens were dissected and analyzed separately. The cau
dalmost portions of the striatum [approximately -2.3 
to -3.8 mm from bregma (Paxinos and Watson 1986)] 
were not included. The hypothalamus was also dis
sected for the vehchronic/vehacute groups followed by ei
ther TIX or vehicle infusion. A model 4500 Finnigan gas 
chromatographic/ quadrupole mass spectrometer was 
used to assess 3-MT, as previously described (Karoum 
and Egan 1992). 

Three-methoxytyramine levels were analyzed using 
a repeated measures multivariate analysis of variance 
(MANOVA). Each experiment included within (side of 
brain) and between (dose, time, infusion [TTX versus 
vehicle] or drug treatment [acute and chronic vehicle or 
haloperidol]) factors. For clarity, only relevant and sig
nificant interactions (of within and between factors) are 
reported later. The Contrast function (or paired t tests 
when specified) on SuperANOVA (Abacus Concepts, 
Berkeley, CA) was used for comparisons of specific 
groups and sides. To examine the effects of TTX infu
sions in individual groups, levels on the TTX-infused 
left side were compared with those on the right side as 
well as left-sided levels in vehicle-infused animals. 
Where both comparisons are significant, left/right com
parisons are presented. Effects of haloperidol treatment 
alone were examined using only vehicle-infused groups. 

Table 1. Treahnent of Groups Used to Assess the Effects of TTX Infusions into the 
MFB on 3-MT Levels During Deoplarization Inactivation Induced by 
Repeated Haloperidol Administration 

Treatment 

Chronic Acute 
(20 daily (1 hour before Infusion 

Group injections) death) (into the MFB) 

vehcruanic/ vehacute Vehicle Vehicle Sham 
Vehicle Vehicle TIX 

vehchronic/haloperidolacute Vehicle Haloperido! Sham 
Vehicle Haloperidol TIX 

haloperidolchrortic / vehacute Haloperidol Vehicle Sham 
Haloperidol Vehicle TIX 

haloperidolchronic/haloperidolacute Haloperidol Haloperidol Sham 
Haloperidol Haloperidol TIX 

Abbreviations are based on the treatments they received (in order): (1) chronic-20 daily injections of vehicle 
or haloperidol; (2) acute-injections of vehicle or haloperidol 1 hour before death. Each group was further di
vided into two seperate groups and infused with either TTX or vehicle (sham) into the MFB 30 minutes be
fore death. 
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Figure 3. Striatal time course: 3-
MT levels are significantly reduced 
at all time points on the left side 
compared with the right after TTX 
infusions into the left MFB (F = 
7.6, df = 1, p = .01). 3-MT accumu
lation(± SE) is expressed as a per
centage of the mean of all right
sided levels in the vehicle control 
groups (one for each time, data not 
shown). Left-sided levels in TTX 
infused animals are contrasted 
with those on the right side for 
post hoc comparisons. (n = 3 to 5 
per group; a, left; ~, right; *p < 
.05; **p < .005.) 

150 
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Striatal Time Course 

30min 90 min 120 min 

the 10-5 mol/L and 10-4 mol/L TTX groups, striatal 
levels on the infused (left) side were reduced by approx
imately 70% compared with those on the noninfused 
(right) side. In the nucleus accumbens, 3-MT levels on 
the infused (left) side were reduced by 50 to 60% in both 

1.5 

1.2 

0.9 
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the 10-5 mol/L and 10-4 mol/L TIX-infused groups 
compared with those on the noninfused (right) side. 
Vehicle infusions did not alter levels in any brain region 
(infused versus noninfused sides). 

The results of the time course study are shown in 

Striatal 3-MT Following Acute Or 
Chronic Haloperidol Treatment 

** 

Figure 4. Striatal 3-MT levels 
after TTX infusions into the left 
MFB: The effects of vehicle or halo
peridol treatment combined with 
TTX MFB infusions on striatal 
3-MT levels (ng/mg protein) 
( ± SE) 10 minutes after pargyline. 
Acute (1 hour before killing) and 
chronic (20 daily injections) treat
ments are listed on the x axis. 
Significant effects were seen for 
infusion (vehicle versus TIX) (F = 
15.3, df = 1, p = .0003) and side 
(left versus right) (F = 109.3, df = 
1, p = .0001). Significant interac
tions were seen for infusion by 
side (F = 42.5, df = 1, p = .0001), 
and treatment (vehicle versus 
haloperidol) by infusion by side 
(F = 4.72, df = 3, p = .006). Left
sided levels in TIX-infused ani
mals are contrasted with those 
on the right for all post hoc com
parisons (F = 5.45 to 88.9; df = 1, 
p = .02 to .0001). Assuming inad
equate TIX perfusion, one ani
mal with higher levels on the left 
than right was excluded in the 
TTX-infused vehicle group (n = 5 
to 8 per group; a, left, ~, right; 
*p < .02; **p < .0001.) 
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Figure 3. In the striatum, 10~5 mol/L TTX lowered 3-MT 
levels on the infused (left) side at all time points by 74% 
to 80% compared with those on the noninfused (right) 
side. Vehicle infusion again had no effect. 

Effects of MFB Infusions During Chronic 
Haloperidol Administration 

Haloperidol Effect. The effects of haloperidol treat
ment alone were the same as those previously described 
(Egan et al. 1991 ). In both the stria tum and nucleus 
accumbens, an acute haloperidol injection after either 
chronic vehicle or chronic haloperidol (vehchronic/halo
peridolacute or haloperidolchronic/haloperidolacute groups) 
increased 3-MT levels above those in appropriate con
trol groups (i.e., vehchronic/ vehacute, or haloperidolchronic/ 
vehacute groups respectively) (F = 24.7, df = 3, p = .0001 
and F = 18.2, df = 3, p = .0001 for the two regions, 
respectively). 

ITX Effect. In animals receiving TTX infusions, levels 
on the left were significantly lower than those on the 
right (paired t test, t = 7.71, p = .0001; t = 6.9, p = .0001, 
in the striatum and accumbens, respectively) (see Fig
ures 4 and 5). TTX infusions also lowered 3-MT levels 
on the infused side compared to levels in vehicle 
infused animals in the striatum and nucleus accumbens 

respectively (striatum: infusion effect, F = 15.3, df = l, p = 
.0003; side-effect, F = 109.3, df = l, p = .0001; infusion 
by side interaction, F = 42.5, df = l, p = .0001; accum
bens: infusion effect, F = 5.55, df = l, p = .02; side
effect, F = 83.2, df = l, p = .0001; infusion by side inter
action, F 30.4, df = l, p = .0001). Vehicle infusions also 
lowered levels slightly on the left side (by 12%) com
pared to those on the right in both regions (paired t test, 
t = 4.28, p = .0002, t = 3.63, p = .001 for striatum and 
accumbens, respectively). 

Acute Versus Chronic Haloperidol. The effects of halo
peridol treatment combined with TIX infusions on stri
atal 3-MT levels are displayed in Figure 4. In the group 
treated acutely with haloperidol (vehchronic/ haloperi
dolacute group), TTX infusions reduced 3-MT levels on 
the infused compared with the noninfused side by 70% 
(F = 22.0, df = l, p < .0001). TTX infusion produced a 
similar 60% to 70% reduction in striatal 3-MT on the 
infused compared with the noninfused side in both 
groups treated chronically with haloperidol (haloperi
dolchronic/haloperidolacute and haloperidolchronic/vehacute) 
(F = 24.4, df = l, p = .0001; F = 9.16, df = l, p = .004, 
respectively). No differences were seen in percent of 
TIX-induced reductions comparing the vehchronic/halo
peridolacute group with the haloperidolchronic/haloperi
dolacute group. Residual striatal 3-MT levels on the 

Nucleus Accumbens' 3-MT Following Acute 
Or Chronic Haloperidol Treatment 

Figure 5. Nucleus accumbens' 
3-MT levels after TTX infusions 
into the left MFB: The effects of 
vehicle or haloperidol treatment 
combined with TIX MFB infu
sions on 3-MT levels (ng/mg 
protein) (± SE) 10 minutes after 
pargyline in the nucleus accum
bens. Acute (1 hour before kill
ing) and chronic (20 daily 
injections) treatments are listed 
on the x axis. Significant effects 
were seen for infusion (vehicle 
versus TTX) (F = 5.55, df = 1, p = 
.02) and side (left versus right) 
(F = 83.2, df = 1, p = .0001). 
Interactions were seen for infu
sion by side (F = 30.4, df = 1, p = 
.0001), and drug treatment (vehi
cle versus haloperidol) by infu
sion by side (F = 5.52, df = 3, p = 
.0025). Left-sided levels in TTX 
infused animals are contrasted 
with those on the right for all 
post hoc comparisons (F = 5.45 to 
60.0, df = 1, p = .04 to .0001) (n = 6 
to 8 per group; •, left; Ii§!, right; 
* p < .02; ** p < .0001.) 
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infused side in the haloperidolchronic/haloperidolacute 
group tended to be lower than levels in the vehchronic/ 
haloperidolacute group (F = 3.3, df = l, p < .08). 

The effects of TTX infusions on 3-MT levels in the 
nucleus accumbens are displayed in Figure 5. TTX infu
sions reduced nucleus accumbens' 3-MT in the infused 
(left) side of the acute haloperidol group (vehchronic/ 
haloperidolacute) by 52% compared with levels on the 
noninfused (right) side (F = 23.5, df = l, p < .0001). TTX 
infusion produced a similar 59% reduction in striatal 3-MT 
on the infused (left) side in the chronically treated 
group (haloperidolchronic/haloperidolacute) (F = 10.5, 
df = l, p < .002). No differences were seen in percent of 
TTX-induced reductions comparing vehchronic/haloperi
dolacute and haloperidolcmoruc/haloperidolacute groups. 
Residual 3-MT levels on the infused (left) side in the 
haloperidolchronic/haloperidolacute group were lower 
than levels in the vehchronic/haloperidolacute group (F = 
3.9, df = l, p = .05). 

The capacity of TTX infusion to reduce 3-MT in the 
striatum was compared with that in the nucleus accum
bens using all TTX-infused groups in Table 1. Reduc
tions in the striatum were significantly lower than those 
in the nucleus accumbens (t = 3.71, df = 26, p = .001). 

DISCUSSION 

The results of the dose response and time course experi
ments demonstrate that TIX infusions into the MFB 
consistently reduced 3-MT accumulation in nigrostri
atal and mesolimbic projection areas of dopamine neu
rons. Striatal 3-MT levels were markedly reduced 30, 90, 
and 120 minutes after infusion using a 10-s mol/L solu
tion. Similar reductions were seen in the nucleus accum
bens. These data indicate that MFB TTX infusions block 
nigrostriatal and mesolimbic dopaminergic neuronal 
impulse flow. 

Because robust effects were found in the striatum 
and nucleus accumbens for the 10-s mol/L TIX infu
sions after 30 minutes, this time and dose combination 
was selected for the chronic haloperidol experiment. 
The lower effective dose and short time interval were 
chosen for further studies to limit possible effects from 
diffusion to neighboring regions. 

TTX infusions into the MFB following both acute and 
chronic haloperidol treatment reduced striatal 3-MT 
accumulation by 63% and 70%, respectively. Similarly, 
in the nucleus accumbens, TTX infusions reduced 3-MT 
accumulation after both acute and chronic haloperidol 
by 52% and 59%, respectively. In both regions, chronic 
haloperidol treatment did not significantly alter the 
amount of dopamine release related to neuronal impulse 
flow in the MFB. Overall, the results suggest that 
chronic neuroleptic treatment and DI neither reduce 
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dopamine release nor alter the amount of release 
dependent on impulse flow through the MFB. 

The mean TTX-induced reduction in 3-MT accumu
lation after both acute and chronic haloperidol appear 
to be less than that found after systemic GBL treatment 
(Chrapusta et al. 1994) in the striatum (67% versus 89%) 
as well as the nucleus accumbens (55% versus 75%). 
The difference may be due to innervation from the con
tralateral dopaminergic cell bodies, which would be 
blocked with systemic GBL but not unilateral TTX MFB 
infusions. Whereas one study in neonatal and juvenile 
rats found only 1 % to 2% cross-innervation (Alter et al. 
1983), a second study in the adult rat reported that 5% 
to 10% of nigrostriatal innervation comes from the con
tralateral side {Loughlin and Fallon 1982). Contralateral 
projections could compensate to some degree for the 
decrease in dopamine release in ipsilateral dopamine 
neurons. To test this hypothesis, 3-MT accumulation 
after bilateral MFB TIX infusions was compared to lev
els in an anesthetized, noninfused control group. Bilat
eral infusions reduced 3-MT accumulation by 86% in 
the striatum and 73% in the nucleus accumbens. This is 
virtually identical to reductions after systemic GBL 
injections of 89% and 75%, in the respective regions 
(Chrapusta et al. 1992). Contralateral dopaminergic inner
vation may also account for the trend of haloperidol to 
elevate 3-MT levels relative to vehicle-treated controls 
on TIX infused sides. 

Reductions in nucleus accumbens' 3-MT levels after 
TTX infusions or GBL appear to be less than those seen 
in the striatum. Differences between the striatum and 
nucleus accumbens could be due to a variety of factors, 
such as differences in sensitivity of nigral and VTA neu
rons to TTX infusions and GBL, or higher relative con
tribution from impulse flow-independent dopamine 
release in the nucleus accumbens (Chrapusta et al. 
1992). Alternatively, the difference may simply reflect 
regional differences in 3-MT metabolism. In the accum
bens, a smaller fraction of released dopamine appears 
to be metabolized to 3-MT, relative to the striatum 
(Kuczenski and Segal 1992). This suggests that residual 
3-MT levels may make up a larger percentage of basal 
3-MT levels. Furthermore, it is unclear what the low 
residual levels of 3-MT {or, with dialysis, residual extra
cellular dopamine) actually reflect. Whereas TTX inde
pendence has been assumed to indicate release that is not 
dependent on impulse flow, these low levels of residual 
3-MT (and dopamine) could also represent sequestered 
pools that are resistant to further metabolism. 

Previous studies assessing impulse dependent ver
sus independent release have produced somewhat con
flicting results. Most relevant studies have infused TTX 
directly into the striatum, measured dialyzable dopa
mine, and assumed that residual dopamine levels reflect 
impulse independent release (Westerink and De Vries 
1988). Osborne et al. (1990), for example, found that the 
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TTX-induced reduction in basal dopamine levels varied 
from 58% to 85% from 1 to 4 days after probe implanta
tion. Westerink and De Vries (1988), on the other hand, 
reported that extracellular dopamine during TTX perfu
sion was undetectable 1 day after probe implantation. 
One difficulty using dialysis to assess impulse indepen
dent release is that the latter is increased by probe inser
tion. This is most likely due to the resulting tissue damage 
and denervation of dopamine terminals. Delays of 24 to 
96 hours have been used to reduce the impact of this 
leakage (Osborne et al. 1990). Recent dialysis studies 
have reported that 24 hours after probe implantation, 
residual, TIX-resistant dialyzable dopamine levels range 
from 0% to 42% of basal values (average approximately 
17%) (e.g., see Westerink and De Vries 1988; Osborne et 
al. 1990; Kalivas and Duffy 1991; Cenci et al. 1992; 
Tanaka et al. 1992; Schmidt et al. 1994). Whereas 
dopamine "leakage" is reduced over time, it is unclear 
how local tissue damage and subsequent edema affect 
dopamine release, uptake, extracellular metabolism, 
and residual levels following TTX. 

A smaller group of studies have assessed impulse 
independent release after unilateral TIX infusion into 
the MFB. These reports generally find dialyzable dopa
mine levels below the limits of detection 60 to 90 min
utes after perfusion of TTX (Moghaddam and Bunney 
1993; Keefe et al. 1992, 1993; although, see Miu et al. 
1992). It seems very unlikely, however, that these unilat
eral infusions would reduce synaptic dopamine to zero. 
As reviewed earlier, studies with direct TIX infusion 
into the striatum after probe implantation suggest that a 
significant amount of dopamine release is TIX-insensi
tive after probe insertion. Thus, dialysis studies using 
MFB infusions may have been relatively insensitive in 
detecting impulse-independent release. It remains unclear 
what percent of residual extracellular dopamine remains 
after TIX infusions into either the MFB or striatum, and 
whether this is due solely to tissue damage or to true 
impulse independent release. Results using tissue 3-MT 
accumulation, a noninvasive method, suggest that most 
dopamine release is impulse flow-dependent. The sig
nificance of residual 3-MT accumulation after MFB 
TTX, however, is also unclear. 

A number of issues could confound interpretation of 
these results. First, TTX infusions might simply alter 
presynaptic membrane potential in depolarized neu
rons. If this were the case, TIX might possibly reduce 
impulse-independent release. Given the mechanism of 
action of TTX, however, this is unlikely. TTX blocks ion 
transport in sodium channels which are gated by 
changes in membrane potential. After opening briefly 
(0.5 to 3.0 msec), these channels close by a voltage-inde
pendent inactivation process (Armstrong 1981; Sigworth 
and Neher 1980). TTX does not interfere with voltage
sensitive components or the inactivation process (Cat
terall 1980). In a depolarized neuron with no fluctua-

tions in membrane potential, sodium channels should 
remain closed and TTX should have no effect on this 
potential. Intracellular recordings of depolarized dopa
mine neurons have shown steady resting membrane 
potentials (Grace and Bunney 1986), making changes in 
axonal membrane potential unlikely. Thus, TTX's 
effects on 3-MT are most likely mediated by blockade of 
open sodium channels from impulse flow in nondepo
larized neurons. 

A second possible confounding issue is that TTX 
could have diffused into the left striatum, blocking 
dopamine release mediated by impulse flow from non
dopaminergic neurons (e.g., prefrontal glutamatergic 
neurons). Previous studies of diffusion suggest, how
ever, that this is improbable (Myers 1972). Dye infu
sions into the MFB performed in the present study 
showed no dye in the regions of the striatum dissected 
for biochemical analysis (Figure lA-F). in Figure 1D, a 
small region in the most caudal extension of the stria
tum had some staining. This region, however, was 
excluded in our dissections (see Methods section). 
Moreover, TTX infusions that were somewhat more 
medial and anterior produced markedly lower changes 
in striatal 3-MT accumulation (data not shown). To look 
further for evidence of diffusion, we measured hypo
thalamic 3-MT levels in animals in the chronic haloperi
dol study. Hypothalamic dopamine innervation comes 
from intrinsic dopamine neurons (Moore 1987), and 
hypothalamic dopamine release is partially impulse 
flow-dependent (Lookingland and Moore 1984; Dema
rest and Moore 1979). If TTX reduced striatal 3-MT by 
diffusion, it should also reduce hypothalamic 3-MT. As 
MFB TTX infusions did not reduce hypothalamic 3-MT 
levels compared with vehicle infusions, significant dif
fusion to either the hypothalamus or striatum is unlikely. 

A third possible confounding factor is that MFB TIX 
infusions could have altered glutamate-mediated, im
pulse-independent dopamine release. Although previ
ous studies have shown this is unlikely to account for 
reduced release under basal conditions (Keefe et al. 
1992), this could be a factor during DI. Glutamate regu
lation of impulse-independent dopamine release in the 
striatum and accumbens has been hypothesized to come 
primarily from the thalamocorticostriatal circuit (Grace 
1992; Kilpatrick and Phillipson 1986; Romo et al. 1986). 
Alterations in either thalamic or cortical activity could 
influence subcortical dopamine. To test the possibility, 
TTX was infused into the left thalamus of animals 
treated with haloperidol for 21 days. Infusion coordi
nates (Paxinos and Watson 1986) were just above the 
MFB, 2 mm dorsal (AP -2.6 mm, ML +2.0 mm, and DV 
-6.4 mm relative to bregma) to those used in the previ
ous experiments. Ink infusions showed a diffusion 
radius similar to those shown in Figures lA-F, although 
the center of the diffusion was shifted 2 mm dorsally. 
The MFB was not stained, whereas the hippocampus, 
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thalamus and cortex were. After chronic haloperidol 
treatment (similar to the haloperdokruoruc/haloperidolacute 
group), TIX infusions at these coordinates had no effect 
on striatal 3-MT on the infused (left) side compared to 
levels on the noninfused (right) side, whereas infusions 
using the original coordinates produced a 70% reduc
tion in left striatal 3-MT (n = 5 per group, data not 
shown). This strongly suggests that TTX infusions 
exert their effects by altering neurotransmission in the 
MFB rather than that in the thalamus, hippocampus, or 
cortex. 

A fourth methodologic concern relates to the use of 
pargyline with 3-MT accumulation. Whereas 3-MT accu
mulation appears to be a more sensitive index of dopa
mine release than basal 3-MT (Karoum et al. 1994a,b), it 
is possible that pargyline could increase synaptic 
dopamine concentrations high enough to displace halo
peridol on D2 receptors and bring cells out of DI. We 
tested this possibility by measuring basal 3-MT after 
acute and chronic haloperidol and again after unilateral 
TTX infusions. Basal 3-MT levels were increased (30% 
to 40%) after either acute or chronic haloperidol, but not 
as high as reported previously with 3-MT accumulation 
(Egan et al. 1991). Left MFB TTX infusions again pro
duced identical reductions in basal 3-MT in groups 
treated with acute and chronic haloperidol. Although 
the magnitude of changes in basal 3-MT were not as 
great as those seen with 3-MT accumulation, the results 
clearly demonstrate that pargyline did not qualitatively 
alter the effects of either acute and chronic haloperidol 
or the TTX-induced reduction in 3-MT during neurolep
tic treatment. Thus, with or without pargyline, data 
using 3-MT suggest that DI is not associated with an 
alteration in the amount of dopamine release mediated 
bytheMFB. 

A fifth methodologic issue relates to the use of anes
thesia. Although DI exists in both anesthetized and 
unanesthetized animals (Chiodo and Bunney 1985), 
anesthesia may alter dopamine release (Zhang et al. 
1989; Chrapusta et al. 1995). Ketamine was used in this 
study because it does not appear to alter 3-MT accumu
lation in the striatum and nucleus accumbens (Chra
pusta et al. 1995). A difficulty with using awake, 
unanesthetized animals is due to the possible stress 
produced by TTX infusions and resulting hemiplegia. 
Such stress would likely be different in neuroleptic- ver
sus vehicle-treated animals, confounding interpretation 
of the results (see Moghaddam and Bunney 1993, for 
discussion). To study anesthesia effects, we infused TIX 
into the left MFB of acute and chronically treated rats 
after chloral hydrate or halothane. Rats anesthetized 
with halothane were allowed to regain consciousness 
briefly. With both anesthetics, TTX again markedly 
reduced striatal 3-MT levels to the same extent in ani
mals treated either acutely or chronically with haloperi
dol. For example, after chloral hydrate, employed in 
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electrophysiologic studies of DI (Chiodo and Bunney 
1983), 3-MT accumulation was reduced on the TIX 
infused side by 75% (0.13 ng/ml) compared to the non
infused side (0.53 ng/ml). This suggests that the lack of 
change in impulse-dependent dopamine release during 
DI is not simply an effect of anesthesia. 

A sixth issue is whether 3-MT levels reflect synaptic 
dopamine under the conditions of this experiment. 
Numerous studies have shown it to be a reliable index 
of dopamine release under many other conditions [for 
review, see Wood and Altar (1988)]. It may be particu
larly useful for studying release during DI because it 
does not produce tissue damage associated with dialy
sis. 3-MT accumulation would not be a reliable index of 
release when there are alterations in COMT activity or 
3-MT clearance (Wood and Altar 1988). Although this 
possibility has not been excluded, it seems unlikely that 
MFB TIX infusions would acutely alter either of these 
parameters. 

The results from this study are consistent with neu
rophysiologic studies of DI, where 22% to 30% of 
dopamine neurons continue to fire during DI, many in a 
bursting pattern (Chiodo and Bunney 1983; White and 
Wang 1983). These results are also consistent with a 
recent report of the effects of MFB TTX perfusions on 
extracellular dopamine in rats treated chronically with 
haloperidol (Moghaddam and Bunney 1993). Our 
results confirm this finding using a noninvasive method 
and report similar results in the nucleus accumbens. 
Studies of animals with 6-hydroxydopamine-induced 
nigrostriatal lesions suggest that compensatory mecha
nisms (e.g., burst firing) can maintain "normal" levels 
of extracellular dopamine despite dramatic reductions 
in dopaminergic innervation. For example, following 
unilateral 6-hydroxydopamine treatment, rats with 80% 
depletion in tissue dopamine have extracellular dialyz
able dopamine levels that are no different than controls 
(Robinson and Whishaw 1988; Zigmond et al. 1989, 
1990). When 90% depletion of tissue dopamine is reached, 
extracellular dopamine is reduced to about 25% of con
trol levels. In these animals, acute neuroleptic treatment 
drives the remaining dopamine neurons into a state of 
depolarization inactivation. Despite marked reduction 
in neuronal reserve, however, extracellular dopamine is 
not reduced further by the induction of DI (Hollerman 
and Grace 1989; Hollerman et al. 1992). These data sup
port the idea that a relatively small percent of dopamine 
neurons can maintain relatively high levels of dialyz
able dopamine. Similar mechanisms could maintain 
normal extracellular dopamine levels during DI. 

It is unclear what effects neuroleptics and DI might 
have on abnormal dopamine systems such as those that 
could exist in psychotic humans. In such cases, hypoth
esized elevations in dopamine release could return to 
normal levels with the onset of DI. Alternatively, reduced 
dopamine levels may not mediate the antipsychotic 
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effects of these agents, as originally postulated (Chiodo 
and Bunney 1983, 1985). DI may act, for example, by 
altering the reactivity of the system to inputs that are 
normally activating (e.g., see Keller et al. 1983). Depolar
ization block produced by chronic neuroleptic treatment, 
however, does not reduce impulse flow-dependent dopa
mine release in the striatum or nucleus accumbens in 
normal, unstressed animals. 

In conclusion, TTX infusions into the MFB during 
chronic neuroleptic treatment reduce 3-MT levels by 
approximately 70% in the striatum and 52% to 59% in 
the nucleus accumbens. These results are consistent 
with studies using GBL to block dopaminergic neuronal 
impulse flow. Despite DI, dopamine impulse flow con
tinues to regulate amounts of total transmitter release 
that are not different from those in nondepolarized neu
rons. Furthermore, dopamine release is not markedly 
reduced with DI. If DI mediates the antipsychotic effects 
of neuroleptics, it may do so by either normalizing 
dopamine levels that could be elevated with psychosis, 
or by altering the reactivity of the dopamine system to 
activating stimuli. 
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