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Abstract-Rats were treated with electroconvulsive shock (ECS), desmethylimipramine (DMI), ECS 
plus DMI. or diazepam. In uifro acalyses showed that chronic ECS produced an elevated density of 
recognition sites for rH]imipramine (IMI) in platelet membranes, but had no effect on membrane 
preparations derived from cortical tissue. A similar elevation in receptor binding was seen exclusively 
in platelets after chronic ECS plus DMI, whereas no effect was observed with DMI alone. Equilibrium 
dissociation constant (K,) values for [3H]IMI were also increased in platelet membranes from rats 
given chronic ECS or ECS plus DMI treatment. Chronic ECS or DMI administration produced a 
decreased density of Padrenergic recognition sites in frontal cortex and cerebellum as assessed by 
[‘H]dihvdroalprenolol (DHA) binding. The combination of ECS plus DMI produced a similar decrease. 
In addition, chronic diazepam administration produced a down-regulation of the Padrenergic receptor 
only in the cerebellum. These data provide evidence for the differential regulation of brain and peripheral 
neurotransmitter recognition sites. 

Depressive illness is a heterogeneous psychopath- 
ology with a multitude of proposed etiologies and 
therapies. Certain therapeutic regimens have in com- 
mon the ability to modulate selected neurotrans- 
mitter recognition sites. For example, when admin- 
istered chronically, electroconvulsive shock treat- 
ment (ECS) [l] and tricyclic antidepressive drugs 
such as desipramine (DMI) [2] produce a down- 
regulation of the rodent cortical Padrenergic 
receptor. This may be due to increased availability 
of neurotransmitter in the synaptic junction. The 
time course for the development of receptor 
subsensitivity is comparable to that for the onset of 
clinical improvement (2-3 weeks) [3]. This alteration 
in receptor sensitivity may be a necessary factor for 
the successful treatment of only a sub-population of 
depressed patients. Not all patients show clinical 
improvement after treatments which down-regulate 
the Padrenergic system, and not all clinically 
efficacious antidepressive therapies produce 
alterations in the Padrenergic system. For example, 
iprindole [4], mianserin [5], and alprazolam [6] are 
antidepressive agents that do not down-regulate the 
cortical padrenergic system. Also, rapid-eye- 
movement sleep deprivation, a proposed therapeutic 
regimen for depression [7], does not produce cortical 
Padrenergic subsensitivity [8,9] (see, however, 
mw 
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Whereas an alteration in the Padrenergic system 
may be a common molecular endpoint for effective 
therapy, other neurochemical systems have been 
recognized as possible indices for the diagnosis of 
depression. Reductions in the binding capacity to 
human platelets of [3H]imipramine (IMI), an agent 
which labels the serotonin (5HT) uptake/allosteric 
regulator complex, is correlated with the diagnosis 
of clinical depression [ll, 121. 

The present study has investigated the relationship 
between receptor regulation in brain and platelet. It 
was designed to assess the effect of chronic 
administration of DMI, ECS, or both on binding 
parameters of the Padrenergic receptor in rat cortex 
and cerebellum as well as [3H]IMI binding 
parameters in cortex and platelets from the same 
experimental animals. The plasticity of the 
cerebellum was examined because of the well 
established noradrenergic system innervating the 
cerebellum from the locus ceruleus. Diazepam was 
included as a centrally acting non-antidepressive 
agent. 

MATERIALS AND METHODS 

Chronic animal treatment. Male Wistar rats 
(Royalhart Farms, New Hampton, NY), weighing 
150-180 g, were housed in group cages (five per cage) 
with food and water ad lib. under a 12-12 hr light- 
dark cycle (lights on at 7:00 a.m.). 

Animals were treated for 14 days with either dis- 
tilled water, desipramine (DMI. lOmg/kg, i.p., 
b.i.d.), electroconvulsive shock (ECS, 75 mA, 0.3- 
set duration, via cornea1 electrodes, once per day), 
DMI plus ECS. or diazepam (5 mg/kg, i.p., once a 
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day). The last dose of DMI was administered in the 
morning of day 14. After a 24-hr washout period, 
the animals were killed by decapitation. The cerebral 
cortex and cerebellum were dissected from each 
animal, weighed, and stored at -20”. 

Platelet isolation and [“H]imipramine binding. 
[“H]IMI binding to platelets was performed using a 
modification of previously described techniques [ 131. 
Trunk blood from decapitated rats was collected 
into 2.5 ml of an antiprotease/anticoagulant buffer 
containing 0.05 M Tris (pH 7.5), 0.12 M NaCI, 5 mM 
KCl, 5 mM EDTA, 1 mM ethyleneglycolbis(amino- 
ethylether)tetra-acetate (EGTA), 0.1 mM phenyl- 
methylsulfonylfluoride (PMSF), 5 units/ml aprotinin 
and 0.5 mg/ml pepstatin (all from Sigma). All pro- 
cedures were conducted at &4” using polyethylene 
labware. Blood from five animals was pooled to 
provide adequate numbers of platelets for bio- 
chemical measurements. After centrifugation of the 
blood at 250 g for 20 min, the supernatant fraction 
(platelet-rich plasma) was further centrifuged at 
2500 g for 10 min and washed twice with buffer. The 
pellets were dispersed in buffer (l/2 original blood 
vol.) and sonicated four times with lo-set pulses 
using a Branson Sonifier (microprobe). The sus- 
pension was centrifuged for 20 min at 20,000 g and 
the membranes were resuspended in buffer to a 
protein concentration of 3 mg/ml. 

Saturation isotherms of [‘Hlimipramine binding to 
platelets were performed in triplicate at radioligand 
concentrations of 2.6, 4.6, 8.3. 10.9 and 19.9 nM. 
Corrections were made for non-specific binding by 
assaying parallel incubation tubes containing 10 ,uM 
desmethylimipramine. Individual incubations had a 
total assay volume of 250 ~1 and contained 0.3 mg 
protein. The samples were equilibrated for 90 min at 
0”. Assay tube contents were then filtered under 
vacuum through Whatman GF/B filters, and washed 
with 2 x 5 ml cold buffer (0.05 M Tris, 0.12 M NaCl. 
0.005 M KCl. pH7.5). Filters were placed in 
scintillation vials containing 10 ml Beckman Ready 
Solv-HP counting solution, and radioactivity was 
determined with a Beckman LS-350 liquid 
scintillation spectrometer. 

Cortical membrane isolation and [3H]imipramine 
binding. Frozen cortices from the same animals used 
for platelet [“H]IMI binding were thawed and hom- 
ogenized in 50 vol. of buffer (0.05 M Tris pH 7.5, 
0.12 NaCl, 0.005 M KCI). Homogenization was 
performed using a Tekmar Ultra Turrax with a 30-set 
pulse at 60% power. Membranes were centrifuged 
at 20,OOOg for 10 min and then washed twice and 
resuspended to 2 mg protein/ml. Duplicate tubes 
containing 0.4 mg protein were equilibrated. filtered, 
washed, and analyzed essentially as described above 
for platelet studies. Non-specific binding was 
assessed by including desmethylimipramine 

(100 PM) in parallel incubations. Saturation 
isotherms were generated using [3H]imipramine 
concentrations of 0.8, 1.2, 1.9,3.0.4.8.7.6. 12.5 and 
21.5 nM. 

[‘HIDHA binding. Specific [‘Hldihydroalprenolol 
(DHA) binding was determined using modifications 
of methods previously described [14-161. Briefly, 
frozen cortical tissue was thawed and prepared for 
the assay by homogenization (20: 1, v/w) in 50 mM 

Tris-HC1 buffer, pH 8.0. using a Tekmar Ultra Tur- 
rax set to 60% power for 30 sec. The homogenate was 
centrifuged at 49,000g for 15 min and the resultant 
pellet was resuspended in buffer (6 mg wet weight/ 
ml). Saturation isotherms were conducted using eight 
concentrations of [3H]DHA. Triplicate assay tubes 
contained in a final volume of 1 ml: 0.1 to 1.5 nM 
[“HIDHA (101 Ci/mmole. New England Nuclear). 
tissue (3 mg wet weight) and Tris-HCI buffer 
(50 mM, pH 8.0). Non-specific binding was 
determined using 10 ,uM propranolol in parallel 
incubations. After incubating at room temperature 
(23”) for 15 min, the samples were filtered under 
vacuum through Whatman GF/B filters on a 
Millipore manifold. Each tube was washed twice with 
5 ml of cold buffer. Filters were placed in scintillation 
vials containing 10 ml of Beckman Ready Solv-HP 
counting solution. and radioactivity was determined 
in a Beckman LS350 liquid scintillation 
spectrometer. Cerebellar tissue samples were 
assayed in exactly the same manner with the 
exception that the total volume per sample tube was 
250 ~1. 

Protein determination. Protein concentrations 
were determined by the protein-dye binding method 
[17] utilizing the Bio-Rad Protein Assay Kit (Bio- 
Rad Laboratories, Richmond. CA). Bovine gamma 
globulin was used as the standard. 

Data analysis and statistical eualuation. Data from 
saturation isotherms were subjected to Scatchard 
transformations [18]. The line of best fit for these 
data was generated using a computer program for 
least squares linear regression analysis. Intercepts 
and slopes from this line yielded receptor density 
(B,,,) and equilibrium dissociation constant (K,) 
values respectively. 

Intergroup B,,, and Ko values were statistically 
evaluated using an analysis of variance (ANOVA). 
When the ANOVA indicated significance, individual 
groups were compared to the control group using a 
two-sample t-test. P values less than or equal to 0.05 
were taken to indicate significant differences. 

RESULTS 

The [3H]DHA binding parameters for cortical 
membranes after each treatment are listed in Table 
1. Specific binding represented 60% of total [3H]- 
DHA binding at the KD concentration in both cortex 
and cerebellum. The mean linear correlation 
coefficients (r) for [“HIDHA Scatchard analyses in 
the cortex and cerebellum were 0.95 and 0.92 
respectively. Chronic administration of DMI, ECS 
or the combination of ECS + DMI produced a 
decrease in the B,,, for (3H]DHA binding to 
membranes from the cerebral cortex. Diazepam did 
not affect the receptor density in cortex. No 
significant alterations in ligand equilibrium 
dissociation constants (K,) were observed in the 
cortex after any treatment (ANOVA. P > 0.1). 

The profile of [“HIDHA binding to cerebellar 
membranes after each treatment is similar to that 
seen in the cortex (Table 1). Rats treated with DMI. 
ECS or the combination of ECS + DMI had a 
reduced B,,,. In addition, and in contrast to the 
cortex. chronic treatment with diazepam decreased 
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Table 1. Effect of chronic administration of psychotropic treatments on cortical and cerebellar [jH]DHA 
binding* 
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Cortex 

(fmoles/?~protein) 

Cerebellum 
B max 

(fmoles/mg protein) (2) 

Control 85.8 f 1.8 0.42 5 0.03 62.8 k 1.1 0.40 f 0.06 
ECS 69.5 + l.l+ 0.41 k 0.04 29.2 2 1.9% 0.27 2 0.021 
DMI 47.8 ‘- 7.71 0.35 t 0.08 27.6 2 4.71) 0.24 2 0.035 
ECS + DMI 54.5 2 3.70 0.50 + 0.02 35.3 2 8.49: 0.23 2 0.039; 
Diazepam 82.2 k 6.1 0.40 * 0.03 40.1 22.89 0.32 -r 0.05 

* Values represent means f S.E.M. of data determined by linear regression analysis of Scatchard 
analyses (see Materials and Methods): N = 3-4 for each group. 

i- P < 0.002 as compared to control. 
f P < 0.001 as compared to control. 
P P < 0.02 as compared to control. 
11 P < 0.005 as compared to control. 

the B,,, in the cerebellum. Also, significant 
decreases in the KD were observed in the ECS, DMI, 
and ECS + DMI groups. 

[3H]ZMZ binding. Specific binding represented 
60% of total [3H]IMI binding at the KD concentration 
in both platelet and cortex. The mean linear 
correlation coefficients (r) for [3H]IMI Scatchard 
analyses in the platelet and cortex were 0.91 and 0.93 
respectively. 

No differences in either B,,, or KD for [3H]IMI 
binding to cortical membranes were found between 
pretreatment groups (Table 2, ANOVA: B,,, , P > 

0.1; KD, P > 0.1). However, a trend was apparent 
such that the combined treatment of ECS + DMI 
produced an elevation in the B,, that was significant 
when analyzed by the t-test. Surprisingly, a markedly 
elevated B,,, was observed for [3H]IMI binding to 
platelet membranes prepared from rats treated with 
ECS or ECS + DMI (Table 2). No change was seen 
in B,,, after DMI treatment alone. The KD values 
for the ECS and ECS + DMI groups were elevated 
significantly compared to control values. 

DISCUSSION 

This study supports the notion that important 
differences exist for the regulation of [3H]IMI 

binding to peripheral sites (platelet) and central sites 
(brain). 

Down-regulation of the rodent cortical padren- 
ergic recognition site is a well-established phenom- 
enon after chronic ECS [I] or DMI [16,19-221 
treatments. The present study supports and extends 
those findings. In addition, a novel observation was 
that chronic ECS + DMI produced a decrease in p 
adrenergic receptor density that was not either an 
additive or potentiative effect of the individual 
treatments. This suggests that the down-regulation 
produced by both treatments is mediated by a 
common mechanism(s). 

PAdrenergic B,,, values in the cerebellum were 
modulated by all the treatments employed. In each 
condition, there was a significant reduction in 
receptor density as assessed by [3H]DHA saturation 
experiments. Kinnier et al. [23] reported a similar 
reduction in the specific binding of [3H]DHA to 
cerebellar membranes from rats treated chronically 
with imipramine. In contrast, however, Keller et al. 
[24] reported no effect of chronic ECS on cerebellar 
[3H]DHA binding. These other reports of cerebellar 
[3H]DHA binding after antidepressive treatment 
were conducted using single concentration 
determinations of specific binding and no KD values 
were presented. If the 40% decrease in KD (increased 

Table 2. Effect of chronic administration of psychotropic treatments on cortical and platelet [jH]IMI 
binding* 

Control 
ECS 
DMI 
ECS + DMI 
Diazepam 

Cortex Platelet 
B max 

(fmoles/mg wet wt) (Z) (fmoles/?Fprotein) 

21.9 -+ 1.1 8.8 5 0.93 775 -+ 74 7.4 k 0.5 
20.0 2 2.2 7.9 + 1.1 1572 + 172t 15.3 2 3.8: 
21.8 2 2.8 10.5 2 1.7 949 t 126 10.6 _f 1.9 
29.0 2 4.2 12.8 t 3.0 1651 2 154: 13.2 k 1.8$ 
21.8 2 1.2 8.2 t 0.7 866 2 61 7.9 2 1.4 

* Values represent means -C S.E.M. of data determined by linear regression analysis of Scatchard 
..nalyses (see Materials and Methods). Platelets from five rats were pooled to produce each (N). N = 
5-6 for cortex, N = 3 for platelet. 

+ P < 0.05 as compared to controls. 
$ P < 0.01 as compared to controls. 
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ligand affinity) reported in the present paper has any 
functional significance. it may be a compensatory 
response to the concomitant decrease in B,,, 
observed in those groups. The differential response 
of the cortex and the cerebellum suggests that the 
beta receptors in the two regions are subject to 
different types of regulation. Our observation that 
diazepam decreased cerebellar B,,, values suggests 
an interaction either at a molecular or an inter- 
neuronal level between benzodiazepine (BDZ/ 
GABA) and /3-adrenergic systems in that region. 

The literature regarding the plasticity of 
imipramine recognition sites after treatment with 
various antidepressive agents is inconsistent and 
varies with the region studied. For example, chronic 
administration of imipramine is reported to produce 
IMI recognition site down-regulation in the 
hypothalamus [25] and the hippocampus [23,26]. 
However, in the cortex a decrease [27] or no change 
in B,,, was found [20,23,28]. Similarly. chronic 
administration of DMI has been reported to either 
decrease the density of cortical sites labeled by [“H] 
IMI [21,22.29,30], or have no effect [20]. Our data 
support the latter finding in that no change was 
observed in cortical [‘H]IMI binding after 2 weeks 
of DMI treatment. This is also consistent with the 
observation that 3 weeks of chronic DMI admin- 
istration are required to down-regulate cortical [“HI- 
IMI recognition sites, whereas no change in density 
is detected after 2 weeks of chronic treatment (M. 
L. Barbaccia, personal communication). Because 
the administration of chronic ECS alone also did not 
alter IMI recognition site levels in the cortex, it may 
be stated that. in our study, traditional therapeutic 
regimens for depression do not regulate cortical 
binding sites labeled by [3H]IMI. These treatments, 
however, may affect sites that have been altered due 
to depression. and normal laboratory animals may 
not be representative of this human psycho- 
pathology. 

In contrast to the data for the cortex, IMI binding 
to platelet receptor sites was up-regulated by chronic 
ECS treatment. The combination of ECS + DMI 
also increased the density of platelet IMI receptors, 
although not to a greater extent than ECS alone. 
This finding is interesting in light of the clinical 
reports that depressed individuals have fewer platelet 
[3H]IMI binding sites than normal control subjects 
[ll, 12,311. The density of sites labeled by [‘H]IMI 
in platelets from depressed patients has been shown 
to increase to “normal” levels after tricyclic 
antidepressive therapy [31] or to remain the same 
[12]. Therefore. the etiology of the elevation in 
platelet IMI binding seen in the present study may 
not solely reflect an effect on neurotransmitter 
reuptake per se (since DMI did not produce a 
modulation), but rather a more generalized response 
to ECS treatment. The significance of increased K, 
values for [jH]IMI binding to platelet membranes 
after chronic ECS or DMI is yet to be determined. 
In contrast to the present finding of differential 
regulation of [3H]IMI binding in cortical and platelet 
membranes, Briley et al. [25] report a concomitant 
decrease in [3H]IMI binding to hypothalamic and 
platelet membranes after chronic administration of 
tricyclic drugs. There are several important dif- 

ferences between the studies including species (cat 
vs rat), treatment regimen (IMI vs DMI) and tissue 
sampled (hypothalamus vs cortex). These experi- 
mental variations may explain the different findings. 

Chronic treatment with ECS + DMI was the only 
regimen capable of altering both [“HIDHA and [)H]- 
IMI binding in brain and platelet. Apparently, a 
robust treatment such as this is necessary to produce 
measurable changes in the systems studied. 

Finally. [“H]IMI binding in the platelet has been 
proposed and utilized as a marker for certain 
psychopathological states, but it is clear from the 
present study that the platelet and brain receptors 
are not regulated in identical ways by clinically 
efficacious treatments for depression. Therefore, 
because biochemical markers in the brain and 
platelet do not always regulate in concert. it is 
prudent that both tissues be evaluated to completely 
assess the molecular effect of various pharmacologic 
agents. 
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