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Abstract

Electroconvulsive shock (ECS) is a highly effective therapy
for the treatment of major depression, but its mechanisms
of action are not known. We report that repeated ECS in
rats produces enduring changes in two clinically relevant
stress-responsive brain systems: (a) the hypothalamic-pitu-
itary-adrenal axis regulated by corticotropin-releasing hor-
mone (CRH) in the paraventricular nucleus; and (b) the
NE system in the locus coeruleus regulated by tyrosine hy-
droxylase (TH). CRH and TH mRNA levels in these brain
regions were assessed by in situ hybridization histochemis-
try. A single interaural ECS elevated TH but not CRH
mRNA measured 24 h later. Repeated daily treatments (3,
7, or 14) elevated both mRNAs, maximally with 7, correlat-
ing with the time course of clinical efficacy. The elevations
persisted for 3 (CRH) or 8 wk (TH) after the ECS. No
other therapeutic treatment is known to produce such long-
lasting changes in central nervous system gene expression.
The time course of events (delayed onset, long duration)
implicate CRH as a principal mediator of the antidepressant
effects of ECS. The locus coeruleus-NE system may be im-
portant in initiating the central nervous system response.
(J. Clin. Invest. 1994. 94:1263-1268.) Key words: corticotro-
pin ¢ melaneholic depression ¢ electroconvulsive therapy ¢
hypothalamus - locus coeruleus

Introduction

Electroconvulsive shock (ECS)' is one of the most clinically
effective therapies available for the treatment of major depres-
sion, and is used primarily in severe cases that do not respond to
antidepressant drugs (1-3). The treatment consists of repeated
administration of electroconvulsive shock (usually 6—12 treat-
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1. Abbreviations used in this paper: CRH, corticotropin-releasing hor-
mone; ECS, electroconvulsive shock; GR, glucocorticoid receptor;
HPA, hypothalamic-pituitary-adrenal; LC, locus coeruleus; MR, miner-
alocorticoid receptor; POMC, pro-opiomelanocortin; PTZ, pentylenetet-
razole; PVN, paraventricular nucleus; TH, tyrosine hydroxylase.
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ments, 3 per wk) over a 1-2-wk period, after which the patients
show a dramatic improvement that persists for months (2, 3).
Despite its well-documented therapeutic efficacy, the mecha-
nism(s) of action underlying the antidepressant effects of ECS
is not known.

In this study, the effects of acute and repeated ECS treatment
in rats are examined to define the persistent central nervous
system (CNS) changes that might underlie the therapeutic effi-
cacy of ECS in depression. We have focused on two major
CNS systems, namely (a) the hypothalamic-pituitary-adrenal
(HPA) axis regulated by the stress-responsive hormone cortico-
tropin-releasing hormone (CRH) in the hypothalamic paraven-
tricular nucleus (PVN), and (b) the NE system in the locus
coeruleus (LC) which is regulated by tyrosine hydroxylase
(TH), the rate-limiting enzyme in NE biosynthesis, because
they are thought to be dysregulated in major depression in hu-
mans (4). Moreover, we have shown that these systems are
selectively altered by stress (5) and antidepressant drug treat-
ment (6, 7).

Methods

Animals. Male Sprague-Dawley rats (175-200 g; Taconic Farms Inc.,
Germantown, NY) were housed three to a cage at 24°C with lights on
from 0600 to 1800 h. The animal procedures used in these studies were
in strict accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the National
Institute of Mental Health Animal Care and Use Committee.

ECS treatment. ECS was administered to the rats by the application
of an 80-mA current via ear-clip electrodes for a duration of 0.5 s using
an ECS device (Annett’s Industries, Oxford, United Kingdom). ECS-
treated rats immediately exhibited generalized tonic-clonic convulsions
which lasted 20—-30 s. Control animals were treated similarly but re-
ceived 0 mA current. Animals were killed 24 h after the last treatment.

To determine the optimal treatment—effect relationship of ECS on
mRNA levels in brain, groups of animals were administered ECS daily
for 1, 3, 7, or 14 d. After the optimal number of treatments was deter-
mined, additional groups of rats were administered ECS in a temporal
regimen similar to that used clinically: three times a week (Monday,
Wednesday, and Friday) for a total of seven treatments.

To determine the duration of the effects of repeated ECS on mRNA
levels in brain, groups of rats were administered ECS daily for 7 d (the
optimal number of treatments determined in the previous study) and
were killed 24 h, 3 wk, or 8 wk later.

Pentylenetetrazole treatment. Pentylenetetrazole administration was
used as a model of generalized tonic-clonic convulsions to determine
if ECS-induced changes in mRNA levels could be reproduced by the
induction of generalized seizures or if the effects were specific to ECS
treatment. Animals were given pentylenetetrazole (35 mg/kg, intraperi-
toneally [i.p.]) or 0.9% saline (1 ml/kg) once daily for 1 or 3 d.
Pentylenetetrazole produced tonic-clonic seizures in all animals within
1-2 min after injection. Rats were killed 24 h after the last injection.
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Tissue and plasma collection. Animals were transported singly from
the housing room to a treatment room (transport time < 3 min) and
killed by decapitation between 1000 and 1200 h. Brains were removed,
frozen by immersion in 2-methyl butane at —30°C, and stored at —70°C
before sectioning. Adrenal glands were removed, dissected on ice, and
weighed. Trunk blood was collected on ice in tubes containing EDTA,
centrifuged (3,000 rpm for 20 min at 4°C), and the plasma was frozen
at —70°C. Plasma ACTH and corticosterone levels were measured by
RIA kits (ICN Biochemicals, Cleveland, OH). The interassay coeffi-
cient of variance was < 10%.

In situ hybridization histochemistry. Frozen sections (15 pum thick)
were cut coronally through the midportion of the parvocellular region
of the PVN (—1.8 mm relative to bregma), dorsal hippocampus (—3.3
mm relative to bregma), pituitary, and LC (—9.7 mm relative to
bregma) (8). Sections were thaw-mounted onto gelatin-coated slides,
dried, and stored at —40°C before processing for in situ hybridization
histochemistry.

Synthetic 48-base oligodeoxyribonucleotide probes were directed
against CRH bases 496—-543 (9), TH bases 1441-1488 (10), and pro-
opiomelanocortin (POMC) bases encoding amino acids 96—111 (11).
The probes were labeled at the 3’-end using [a-*S]dATP (sp act
> 1,000 Ci/mmol; New England Nuclear, Boston, MA), terminal de-
oxynucleotidyl transferase (25 U/ ul; Boehringer Mannheim Corp., Indi-
anapolis, IN), and tailing buffer (Bethesda Research Laboratory,
Bethesda, MD).

Ribonucleotide probes were directed against bases 81—528 of the rat
glucocorticoid receptor (GR) (12) and 513 bases encoding the carboxy-
terminal 25 amino acids and a portion of the 3’-untranslated region of
the rat mineralocorticoid receptor (MR) (13). Antisense probes were
transcribed using [a-3*S]UTP (sp act 1,000—1,500 Ci/mmol; New En-
gland Nuclear) and the Riboprobe System (Promega Corp., Madi-
son, WI).

The in situ hybridization protocols were performed as described
previously (6, 7). Slides and '*C-standards (American Radiolabeled
Chemicals, St. Louis, MO) of known radioactivity were placed in x-
ray cassettes, apposed to film (Hyperfilm-SMax; Amersham Corp., Ar-
lington Heights, IL) for 2 h—7 d, and developed (D19; Eastman Kodak
Co., Rochester, NY) for 5 min at 20°C.

Data analysis. Autoradiographic film images of brain sections and
14C-standards were digitized on a Macintosh II computer-based image
analysis system with IMAGE software (Wayne Rasband, Research Ser-
vices Branch, National Institute of Mental Health). Light transmittance
through the film at PVN, LC, and pituitary levels was measured by
outlining the structure with the mouse cursor. A density slice function
was applied to each hippocampal section to select and measure transmit-
tance confined to the cellular layers of the CA fields and dentate gyrus.
A calibration curve was constructed using the transmittance values of
the '*C-standards. Transmittance measurements for each probe were
made on four consecutive sections from each brain region per rat and
were converted to disintegrations per minute per milligram of wet weight
of tissue using the calibration curve.

The average value for each animal in experimental or control groups
(based on four sections per animal) was used to calculate group means
(n = 6-8 per group). The relative amount of probe hybridized in each
brain region of the ECS-treated animals was expressed as a percentage
of the control group+SEM.

Statistical significance between brain regions in control and experi-
mental groups was determined by two-way ANOVA using Super-
ANOVA software (Abacus Concepts, Berkeley, CA). The Bonfer-
roni/Dunn (control) test was used for post-hoc comparisons of the ECS
treatment groups with the sham-treated control groups at each time point.
A P value of 0.05 was chosen as the level of statistical significance.

Results

Optimal number of ECS treatments on mRNA levels in brain.
A single ECS treatment produced selective alterations in mRNA
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mRNA Levels (% of Control)

No. of ECS Treatments

Figure 1. Treatment-dependent effects of ECS on mRNA levels in rat
brain. In situ hybridization histochemistry was used to assess the effects
of 1, 3, 7, or 14 ECS treatments on mRNA levels of CRH in the
hypothalamic PVN, POMC in the anterior pituitary, MR in the hippo-
campus, and TH in the LC. Levels of mRNA were quantitated by
densitometric analysis of film autoradiographs. Values are the mean and
SEM (n = 6-8) determined 24 h after the last ECS treatment. Seven
ECS treatments produced maximal effects on CRH and TH mRNA
levels. *P < 0.01 relative to control.

levels in brain 24 h after its administration. The largest effect
of acute ECS was a marked twofold elevation in TH mRNA
levels in the LC (Fig. 1). In the hippocampus, acute ECS re-
duced MR mRNA levels by 41%. In the hippocampal subfields,
MR message levels were reduced by 57% in CA2 and dentate
gyrus, by 44% in CAl, and by 29% in CA3-4. GR mRNA
levels were unchanged in the hippocampus, PVN, and anterior
pituitary. CRH mRNA levels in the PVN and POMC mRNA
levels in the anterior pituitary were not changed after a single
ECS treatment. Plasma ACTH levels were elevated 2.5-fold by
acute ECS but plasma corticosterone levels and adrenal gland
weight were unchanged (Table I).

Repeated ECS (3, 7, or 14 daily treatments) produced large
elevations in mRNA levels of peptides and biosynthetic en-
zymes in brain 24 h after the end of treatment. TH mRNA
levels in the LC were markedly increased by ECS with a peak
effect seen after seven treatments (367% of control) (Fig. 1).
CRH mRNA levels in the PVN rose to their peak after three
treatments (210% of control) and then plateaued (Fig. 1).
POMC mRNA levels in the anterior pituitary were significantly
increased after 3 and 7 ECS treatments (19-27% increase, P
< 0.05) and no longer differed from control levels by 14 treat-
ments. MR mRNA levels in the hippocampus were not altered
by repeated ECS treatment.

Repeated daily ECS administration elevated plasma ACTH
and corticosterone levels, reaching peak effects, a 27-fold in-
crease in ACTH and a 3-fold increase in corticosterone, after
7 treatments (Table I). At this time point, adrenal gland weight
was increased by 81%, and body weight was reduced by 13%
(Table I). After 14 ECS treatments, elevations in ACTH and
corticosterone levels were smaller in magnitude, and no effect
was seen on adrenal gland weight. Body weight, however, con-
tinued to be reduced by 15% at this time point (Table I).

Effects induced by seven ECS treatments administered three
times per week. After the optimal number of ECS treatments
was determined to be seven, ECS was administered three times
per week for a total of seven treatments in order to mimic the



Table I. Effects of ECS Treatment or Pentylenetetrazol Administration on Plasma ACTH and Corticosterone, Adrenal Gland Weight,

and Body Weight

ACTH Corticosterone Adrenal gland weight Body weight
No. of treatments Sham Treated Sham Treated Sham Treated Sham Treated
pg/ml ng/ml mg
ECS
1 32+15 83+ 40* 149+40 170+48 270+13 268+ 3
29+13 115+ 55* 142+16 16255 17.6+0.7 19.7+1.2 270+ 7 263+ 4
7 22+ 9 596+ 88* 107+20 342+79* 164*1.2 29.7+1.4* 268+10 233+10*
14 37+ S5 300x110* 138+ 6 265+28* 19.0x1.1 22.1+0.8 33010 267+ 5*
7 (3 per week) 40+16 452+ 77* 127+35 165+39 20.4+2.2 22.3+0.9 335+ 9 284+ 9*
Pentylenetetrazol
1 3012 908+ 64* 135*15 354+22%
3 3416 448+179* 145+40 283+27*

Values are given as mean+SEM (n = 6-8).

temporal spacing of ECS treatments used clinically. With this
regimen, repeated ECS produced smaller increases in mRNA
levels of TH in the LC (157%£4% of control) and CRH in the
PVN (158+17% of control) than after seven daily treatments
(Table I, Fig. 1). No increase in POMC mRNA levels was seen
in the anterior pituitary (Table I). Plasma ACTH levels were
elevated to the same extent as after seven daily ECS treatments,
whereas plasma corticosterone levels and adrenal gland weight
did not differ from control (Table I). Body weight was reduced
by 20% with this ECS regimen (Table I).

Persistence of the effects induced by seven daily ECS treat-
ments. Because seven daily ECS treatments produced a peak
increase in TH mRNA levels in the LC and CRH mRNA levels
in the PVN, this number of treatments was chosen to examine
the persistence of ECS-induced changes in mRNA levels in
brain. 3 wk after discontinuation of ECS, TH mRNA levels in
the LC continued to be elevated, but to a lesser degree (133+8%
of control), (Figs. 2 and 3,c and d). 8 wk after ECS treatment,
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Figure 2. Persistent effects of seven ECS treatments on mRNA expres-
sion in brain. In situ hybridization histochemistry was used to assess
the effects of ECS on mRNA levels. mRNA levels were quantitated by
densitometric analysis of film images. Values are the mean and SEM
(n = 6-8). The zero time point data were determined 24 h after ECS
treatment. The mean and SEM of the control groups was 100+6. Re-
peated ECS produced long-lasting increases in mRNA levels of CRH
in the PVN and TH in the LC. *P < 0.01 relative to control.

Electroconvulsive Shock Alters CRH and TH mRNA Levels in Rat Brain

*P < (.05 relative to control.

the increased TH mRNA levels in the LC persisted with no
further decrement.

CRH mRNA levels in the PVN were elevated without a
decrement in effect (202+13% of control) 3 wk after discontin-
uation of ECS (Figs. 2 and 4 ¢). The increase in CRH message
was no longer evident after 8 wk (Figs. 2 and 4 ¢).

No alterations in POMC mRNA levels in the anterior pitu-
itary or in plasma levels of ACTH and corticosterone were
evident 3 wk after repeated ECS treatment. Adrenal gland
weight and body weight did not differ from control 3 wk after
ECS treatment.

Effects of pentylenetetrazole-induced seizures on brain
mRNA. Pentylenetetrazole (PTZ) administration was used as a
model of generalized tonic-clonic convulsions to determine if
ECS-induced changes in mRNA levels could be reproduced by
the induction of generalized seizures or if the effects were spe-
cific to ECS treatment. Acute administration of PTZ (35 mg/
kg, i.p.) produced tonic-clonic seizures in all animals. These
seizures were longer in duration than those induced by ECS.
PTZ increased CRH mRNA levels in the PVN (159+9% of
control, P < 0.05) and elevated plasma levels of ACTH and
corticosterone 24 h after treatment (Table I). Repeated PTZ
administration for 3 d elevated plasma levels of ACTH and
corticosterone (Table I), but did not significantly alter CRH
mRNA levels in the PVN 24 h after the last injection.

Discussion

A single exposure to ECS increased TH mRNA levels in the
LC and decreased MR mRNA levels in the hippocampal CA
fields and dentate gyrus. These changes were accompanied by
an increase in plasma levels of ACTH. The effects were mea-
sured 24 h after ECS and thus reflect the profile of CNS changes
induced by the ECS treatment rather than the immediate effects
produced by the seizure itself.

The increase in TH mRNA levels in the LC after a single
ECS may be an adaptive compensatory response to the ECS-
induced increase in utilization of NE in terminal regions in
brain. As a consequence of a single ECS, NE synthesis is stimu-
lated in the LC and its terminal fields (14) and a rapid, short-
lasting increase in TH enzyme activity is induced (15, 16). The
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Figure 3. Persistent effects of repeated ECS on the LC-NE system. Film
autoradiographic images of TH mRNA in the LC of control (a) and
ECS-treated animals (b—d) at 24 h (b), 3 wk (c¢), and 8 wk (d) after
discontinuation of 7 daily ECS treatments. TH mRNA levels in the LC
continued to be significantly elevated 8 wk after repeated ECS treatment.
Bar = 500 pm.

increase in TH mRNA levels, a twofold increase in the LC
measured 24 h after ECS, is much larger in magnitude and
longer in duration than that produced by acute stress (5, 17, 18)
or reserpine administration (19), treatments which stimulate NE
turnover.

An immediate and transient increase in corticosterone levels
has been reported previously 10—30 min after a single ECS,
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Figure 4. Persistent effects of repeated ECS on the hypothalamic CRH
system. Film autoradiographic images of CRH mRNA in the PVN of
control (a) and ECS-treated rats (b—d) at 24 h (b), 3 wk (c¢), and 8

wk (d) after discontinuation of 7 daily ECS treatments. Note the pro-
nounced and enduring increase in CRH mRNA levels in the parvocellu-
lar PVN 3 wk after repeated ECS treatment. Bar = 200 pm.

followed by a return to baseline by 1 h (20). The temporary
decrease in hippocampal MR mRNA levels seen 24 h after a
single ECS may be an acute compensatory response to eleva-



tions in corticosterone which may serve to reduce negative feed-
back onto the PVN (21).

Plasma levels of ACTH were elevated 24 h after one, three,
or seven (three times per week) ECS treatments, whereas corti-
costerone levels were unaltered. The dissociation in plasma
measures could be the result of transporting animals from the
housing room to the treatment room (transport time < 3 min)
before killing, if the stress of ECS treatment 24 h earlier resulted
in facilitation of ACTH release in the treated rats.

Elevations in mRNA levels of stress-responsive elements in
the hypothalamic and pituitary components of the HPA axis,
CRH in the PVN and POMC in the anterior pituitary, were not
evident after a single ECS. Instead, multiple ECS treatments
were required to increase these message levels. Maximal activa-
tion of the HPA axis (peak increases in PVN CRH mRNA
levels, plasma ACTH and corticosterone levels, and adrenal
gland weight) and maximal activation of the LC-NE system
were seen after seven daily ECS treatments. Additional treat-
ment for 14 d did not further increase mRNA levels.

Multiple ECS treatments did not alter the mRNA levels of
MR or GR in the hippocampus despite the presence of large
and persistent elevations in plasma ACTH and corticosterone.
We have shown previously that hippocampal MR message is
altered after acute but not chronic stress (5). The hippocampus
may be more sensitive to acute episodic variations in corticoste-
rone than it is to chronically elevated levels.

To reproduce the temporal regimen of ECS treatments used
clinically, ECS was administered three times per week for a
total of seven treatments. The effects of this treatment were
qualitatively similar to those produced by seven consecutive
ECS administrations. However, the ECS-induced increases in
mRNA levels of TH in the LC and CRH in the PVN were less
in magnitude, and no adrenal gland hypertrophy or loss of body
weight was apparent. Thus, the frequency (temporal spacing)
of ECS treatments is important in determining the degree of
activation of the HPA axis and LC-NE system.

It is not unexpected that ECS treatment altered the activity
of the hypothalamic CRH and LC-NE systems, since these sys-
tems are key components of the CNS regulatory mechanisms
responding to stress (18). The effects of repeated ECS on
mRNA levels of TH in the LC and CRH in the PVN are greater
in magnitude and duration than the effects of repeated stress on
these messages (5, 17, 22), suggesting that in rats ECS may
be the most potent available stressor.

To elucidate the neurochemical mechanisms responsible for
the therapeutic effects of ECS, or of any antidepressant agent,
it is important to establish that (a) the therapeutic effects appear
only after multiple treatments, and (b) that these effects persist
for an extended period of time after the termination of treatment.
In this study, we have identified two CNS systems, hypotha-
lamic CRH and the LC-NE system, that satisfy these criteria.
The evidence is as follows. First, CRH mRNA levels in the
PVN are increased after repeated ECS treatments but not after
a single ECS. Second, hypothalamic CRH and the LC-NE sys-
tem are maximally activated after repeated daily ECS treat-
ments. Third, the number of treatments producing maximal acti-
vation of the HPA axis and LC-NE system (seven) lies within
the range of therapeutic efficacy of ECS in treating depression
(1-3, 16). These two systems are also activated when ECS
treatment is administered three times per week in a temporal
regimen similar to that used clinically. Finally, repeated ECS
treatments produce marked and enduring elevations in mRNA
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levels of CRH in the PVN (3 wk) and TH in the LC (8 wk)
(Fig. 2). The therapeutic effects of ECS dissipate within 2—
3 mo after ECS treatment, and maintenance electroconvulsive
therapy or antidepressant drug administration must be initiated
within this time period to prevent a relapse of depression (1-
3, 16, 23, 24). Collectively, the temporal aspects of the CRH
effect in this study indicate that hypothalamic CRH plays a key
role in the antidepressant effects of ECS. The immediate and
prolonged activation of the LC-NE system by ECS may be
important in initiating and maintaining the response of hypotha-
lamic CRH to ECS.

We reported previously that repeated administration of anti-
depressant drugs decreases mRNA levels of CRH in the PVN
(6, 7). We suggested that the CRH effect is relevant to the
therapeutic efficacy of antidepressant drugs in depression be-
cause (a) the temporal aspects of the effect agree with the
delayed onset of therapeutic efficacy, and (b) the direction of
the effect is opposite and may therefore counteract the hyperse-
cretion of CRH found in major depression (4, 25-29).

In this study, we show that ECS treatment differs from that
of antidepressant drugs by increasing rather than decreasing
levels of CRH mRNA. Further studies of the effects of ECS
treatment on mRNA levels in stressed animals or in animal
models of depression will reveal more about the mechanism of
action of ECS and the role of hypothalamic CRH. At this point
in our studies, the increases in PVN CRH message and LC TH
message by ECS suggest that elevated levels per se of CRH
and NE observed in depression and in animal models of chronic
stress are not causal factors for these conditions.

Two hypotheses of the antidepressant efficacy of ECS have
been proposed. The receptor hypothesis emphasizes alterations
in neurotransmitter receptors as the primary mechanism of ac-
tion of ECS in affective disorders (30—33). This hypothesis
invokes common mechanisms in mediating the therapeutic ef-
fects of ECS and antidepressant drugs but does not account for
the finding that some depressed patients respond to ECS but
not to drugs (34). The neuropeptide hypothesis suggests that
dysregulation of hypothalamic peptides underlies the pathogen-
esis of affective disorders (4, 25, 35-37). In depressed patients
who respond to a course of ECS treatment, ECS alters neuroen-
docrine secretion of CRH, S-endorphin, growth hormone, pro-
lactin, and somatostatin (36, 38—41). Our findings suggest a
merger of the two hypotheses: the antidepressant effects of ECS
are mediated by an initial activation of neurotransmitter systems
including the LC-NE system followed by a delayed activation
of hypothalamic neuropeptide systems, primarily CRH.

In summary, repeated ECS produces marked and enduring
elevations in mRNA levels of TH in the LC and CRH in the
PVN. No other therapeutic drug or treatment is known to pro-
duce such persistent changes in CNS gene expression. We sug-
gest that the ability of ECS to resolve depressions which are
not responsive to antidepressant drug treatment may be related
to its unique ability to produce a long-lasting activation of the
hypothalamic CRH and LC-NE systems.
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