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Abstract

Background—Anatomical evidence of brain damage from electroconvulsive therapy (ECT) is
lacking, but there are no modern stereological studies in primates documenting its safety. Magnetic
seizure therapy (MST) is under development as a less invasive form of convulsive therapy, and there
is only one prior report on its anatomical effects. We discerned no histological lesions in the brains
of higher mammals subjected to electroconvulsive shock (ECS) or MST, under conditions that model
closely those used in humans. We sought to extend these findings by determining whether these
interventions affected the number of neurons or glia in the frontal cortex or hippocampus.

Methods—Twenty-four animals received 6 weeks of ECS, MST, or anesthesia alone, 4 days per
week. After perfusion fixation, numbers of neurons and glia in frontal cortex and hippocampus were
determined by unbiased stereological methods.

Results—We found no effect of either intervention on volumes or total number or numerical density
of neurons or glia in hippocampus, frontal cortex, or subregions of these structures.

Conclusions—Induction of seizures in a rigorous model of human ECT and MST therapy does
not cause a change in the number of neurons or glia in potentially vulnerable regions of brain. This
study, while limited to young, healthy, adult subjects, provides further evidence that ECT and MST,
when appropriately applied, do not cause structural damage to the brain.
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Introduction

Electroconvulsive therapy (ECT) is arguably the most effective antidepressant treatment
available. Its use is limited by concern about memory impairment, stigma, and fears of brain
damage, although structural damage has not been verified. Aside from the current study [from
which qualitative neuropathological data were reported previously (Dwork et al., 2004)],
animal models to determine whether cells are lost as a result of ECT have been limited to rodent
models that do not include modern safeguards (general anesthesia, muscle paralysis, and
respiratory support). Induction of seizures by magnetic stimulation (magnetic seizure therapy,
MST), which produces a more localized current than electrical stimulation, is under
developmentasa less invasive form of ECT intended to improve its risk/benefit ratio by sparing
memory. Studies to date demonstrate the feasibility of MST (Lisanby et al., 2001) and its
enhanced focality (Lisanby et al., 2003) and reduced amnesia (Moscrip et al., 2006; Spellman
et al., 2008) relative to ECT in an animal model. Open studies of MST in humans provide
preliminary evidence that seizures are produced safely (Lisanby et al., 2001). Initial reports
suggest that MST improves mood in refractory depression (Kayser et al., 2008; Kosel et al.,
2003; White et al., 2006) and demonstrates a side effect profile superior to that of ECT (Lisanby
et al., 2003). However, only one report, our qualitative study, has addressed the anatomical
effects of MST (Dwork et al., 2004). We now report a stereological study of frontal cortex and
hippocampus, with an expanded sample, in animal models that closely replicate ECT and MST
as applied clinically.

Materials and Methods

Twenty-four adolescent Macaca mulatta were divided into eight cohorts of three, matched for
age, weight and sex. There were 4 male cohorts, aged 959 101045, 990 t01092, 1011 to 1046,
and 1142 t01308 days, and 4 female cohorts, aged 809 to 863, 1098 t01134, 1101 to 1112, and
1142 to 1308 days at sacrifice. Each cohort was group-housed. Within each cohort, subjects
were randomly assigned to ECS, MST, or sham interventions. All staff not involved in the
delivery of the interventions were masked to group assignment. This study was approved by
the Institutional Animal Care and Use Committee of New York State Psychiatric Institute.
Qualitative histological observations from the first four cohorts were reported previously
(Dwork et al., 2004).

The study was designed to allow observation of either acute or delayed pathology. Interventions
were performed for 6 weeks. Treatments were given 4 days per week (Monday, Tuesday,
Thursday, and Friday). On Wednesday, animals in all 3 treatment groups (ECS, MST, and
sham) received the sham intervention. A 5-week recovery period was interposed before the
last intervention week, to permit maturation of possible neuropathological effects. Animals
were sacrificed 3 days after the last intervention, so as not to miss acutely injured (eosinophilic)
neurons or transient reactions, such as inflammatory infiltrates, microglial nodules, or
astrocytic hypertrophy.

Subjects were sedated with ketamine (5 mg/kg IM) and xylazine (0.35 mg/kg IM). Like human
ECT, interventions were administered under general anesthesia with methohexital (0.5 mg/kg
IV), muscle relaxation with succinlycholine (3.5 mg/kg V), and continuous ventilatory support
(100% O, positive pressure). Bilateral ECS and MST were administered at 2.5 times the
individual subject’s seizure threshold, approximating high dosage bilateral ECT in patients.
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The ECS electrodes were placed in the bilateral frontotemporal position, and the MST coil was
centered on the vertex, as described in Moscrip et al. (2006). ECS was delivered with the
Spectrum 5000Q (MECTA Corp.). MST used a custom repetitive stimulator capable of 50 Hz,
100% maximal stimulator output, in 8-second trains, with a round coil (Magstim Company
Limited). Sham interventions were identical, but without brain stimulation. Physiological
monitoring followed guidelines for human ECT.

Before removal from the skull, brains were fixed by transcardiac perfusion with 50 mM NayS
followed by 4% formaldehyde in phosphate buffer. Right frontal lobes were dissected into
dorsal prefrontal, ventral prefrontal, and posterior frontal regions as described previously
(Christensen et al., 2007). Frontal blocks were embedded in agar and cut in the coronal plane
into 14 to 20 two-mm-thick slabs with a random start point within the slab thickness. A 100-
micron-thick section was cut, with a vibratome, from the top of every second slab and stained
with cresyl violet. For the first 4 cohorts, the same procedure was followed for the
hippocampus, except that a section was taken from each slab (typically 9). For the last 4 cohorts,
the left hippocampus was sampled. A block comprising the entire coronal extent of the left
hemisphere, extending from the rostral pole of the temporal lobe to the caudal end of the
hippocampus, was cryoprotected in 30% sucrose and exhaustively sectioned on a freezing
sliding microtome. From a random start point, approximately ten 80-micron sections were
collected at 1.6 mm intervals, mounted on slides, and stained with cresyl violet.

Volume measurements and cell counts were performed with the Cavalieri estimator and optical
disector. Anatomical boundaries, stereological parameters, criteria for identifying neurons and
glia, hardware, software, and formulae are specified and illustrated in a previous publication
employing the brains of sham-treated animals to estimate total numbers of cortical neurons
and glia (Christensen et al., 2007). Briefly, the sampling step size was 2 mm x 2 mm in the
frontal cortex, 0.5 mm x 0.5 mm in CA1, and 0.35 mm x 0.35 mm in CA2-3. Counting frame
height was 15 microns, representing a height sampling fraction of 2.3 to 2.9; a 5 mm upper
guard zone was used. Counting frame areas were approximately 1550 square microns in the
frontal cortex, 1300 in CAL, and 1350 in CA2-3. Objects counted varied from 139 to 400,
representing 0.6 to 2.2 objects per discector. CAST software (Olympus Denmark) was
employed for counting. The criteria for CA1 and CA2-3 were asillustrated in studies of humans
(Westand Gundersen, 1990) and macaca mulatta (Keuker etal., 2003). Volumes and cell counts
in CA1 and CA2-3 were limited to the pyramidal cell layer. Neurons were distinguished by
the presence of a prominent nucleolus and cytoplasmic Nissl substance. No effort was made
to subclassify glial cells (Christensen et al., 2007).

The coefficient of error (Gundersen and Jensen, 1987; Gundersen et al., 1999) for each
individual measurement was < 0.10. Summarized values of the coefficients of error and
coefficients of variation appear in the Table. There were no significant effects of treatment on
the coefficient of error of any measurement.

Cell counts, volumes, and densities are shown in Figure 1. One-way ANOVA revealed no
significant effects of treatment on volume, neuronal density, glial density, total number of
neurons, or total number of glia in any of the frontal and hippocampal subregions, nor in the
frontal lobe as a whole. Among these 30 comparisons, even without correction for multiple
tests, only one, for posterior frontal glial density, approached statistical significance (p = 0.06),
whereas the random probability of at least one significant (o = 0.05) result among 30
comparisons is 0.79. In CA1, arguably the region most vulnerable to loss of neurons (see
below), even the nominal differences in mean number of neurons are negligible (ECS 1.3%
greater than sham, MST 0.1% less than sham).
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Several measurements were significantly correlated with the weight of the hemisphere: (dorsal
prefrontal volume (r = 0.50), total frontal volume (r = 0.47), CA2-3 volume;(r= 0.46), total
dorsal prefrontal glia (r = 0.65), total ventral prefrontal glia (r = 0.61) and total frontal glia (r=.
66)). Covarying for hemispheric weight, there were still no significant effects of treatment on
regional volumes or total numbers of glia or neurons (all p values > 0.1).

Routine histological examination of the left cerebral hemisphere, as previously reported for
the first 4 cohorts (Dwork et al., 2004), revealed no neuropathological lesions. In particular,
except for a rare eosinophilic neuron noted previously (Dwork et al., 2004) in one sham-treated
animal, the neurons of CAL had an entirely unremarkable appearance regardless of treatment
(Figure 2). Although we had found greater hippocampal immunoreactivity for glial fibrillary
acidic protein in animals that received active treatments (Dwork et al., 2004), qualitative
assessment of hematoxylin and eosin stains by an experienced neuropathologist (AJD) yielded
no evidence of astrocytic hypertrophy or proliferation.

Discussion

Published studies show no evidence of destructive lesions from clinical ECT as currently
applied, with muscle paralysis and oxygenation, nor in animal models mimicking these
conditions (Devanand et al., 1994; Dwork et al., 2004; Perera et al., 2007; Scalia et al.,
2007). While there have been no quantitative autopsy studies of ECT in humans, there are
several reports of individuals who had received large numbers of treatments and showed
no.qualitative abnormalities on neuropathological examinationi (Heyck, 1955; Lippman et al.,
1985; Scalia et al., 2007). On the other hand, up to 90% of cases of temporal lobe epilepsy are
accompanied by hippocampal sclerosis (Thom et al., 2002). A stereological study in rats found
decreases of 17-32% in neuronal density throughout CA1 and CA3 after 30 kindled seizures,
and subregions of CA1 and CA3 showed 17-18% decrements after only three kindled seizures
(Cavazosetal., 1994)., In humans, the pyramidal neurons of CA1 (Sommer’s sector) are among
the most vulnerable to generalized excitotoxic, hypoxic, ischemic and hypoglycemic insult
(Awuer et al., 2008). Thus, it would be reasonable to postulate that ECS or MST, while not
producing hippocampal sclerosis, might effect a more subtle loss of neurons in CA1 or CA3,
and that the absence of such loss would be strong evidence for the absence of excitotoxicity.
Since both ECS and MST induce electrical current and ictal activity in the frontal lobes
(Lisanby et al., 2003), we chose also to explore the possibility of focal cellular loss within this
region. Furthermore, ECT impairs memory in depressed patients, asdo ECS and MST inanimal
models (although the effects of MST are significantly less than those seen with ECS) (Moscrip
et al., 2004; 2006; Spellman et al., 2008)., suggesting that hippocampus and prefrontal cortex
might suffer pathological damage. However, rigorous measurements of hippocampal and
frontal subregions revealed no loss of volume or cells.

The current study is the first stereological assessment of ECS or MST in higher mammals, and
the first in any animal model of ECT or MST with muscle paralysis and supported oxygenation.
Quantitative studies of unmodified ECS in rats found no effects on neuronal number in
neocortex (Colon and Notermans, 1975), hippocampus (Dam et al., 1980; Gombos et al.,
1999; Laursen et al., 1991), cerebellum (Dam et al., 1984), or thalamus (Laursen et al., 1991;
Vaidya et al., 1999). In the only stereological study to include hippocampal granular cell
neurons, these were greater in number, and the granular cell layer and hilus were greater in
volume, in rats receiving daily unmodified ECS for 10 days, compared with rats receiving sham
treatments; CAL and CA2-3 were unaffected (Chen et al., 2009). Vaidya et al. (1999) found
no evidence of injury to hippocampal hilar neurons with Nadler’s (Nadler and Evenson,
1983) silver method. Dalby et al. (1996) found no effect of a large number of seizures on
numbers of somatostatinergic neurons in the hippocampal hilus. Okada et al (Okada et al.,
2002), using reverse transriptase polymerase chain reaction (RT-PCR), found transient (at least
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12 hours but less than 24) elevations of cortical mRNA levels of interleukin (IL)-1b, IL-6, and
cyclooxygenase (COX)-2, but nonconvulsive transcranial magnetic stimulation (TMS) did not
affect gene expression. Using rigorous stereological procedures in rats, Helsten et al. (2005)
found increased numbers of endothelial cells and increased total capillary length in the dentate
gyrus following single or multiple ECS, with or without preoxygenation that effectively
precluded hypoxia. This result is consistent with our finding, 4 weeks after intravenous
bromodeoxyuridine (BrdU) injection, of greater numbers of BrdU-labeled endothelial cells in
bonnet macaque hippocampus when the injections were preceded by 4 weeks of ECS (with
anesthesia, paralysis, and ventilatory support) than when they were preceded by a sham
intervention. (Perera et al., 2007). These newly-generated endothelial cells may facilitate
neurogenesis (Palmer et al., 2000).

In contrast to studies meant to model ECT, neuronal loss does occur in models of epilepsy. For
example, Cardoso et al. (2008) used stereological methods to examine the entorhinal cortex
and the hippocampal dentate gyrus and hilus in 3-month-old rats treated at age 2 months with
daily ECS for 5 days and a sixth ECS 2 hours after the fifth. This protocol, specifically designed
to induce the last seizure while glutamate reuptake capacity was impaired (i.e., to facilitate
seizure-induced excitotoxicity), resulted in lower numbers of neurons but normal volume in
the hippocampal hilus, and in lower numbers of neurons and smaller volume in layer 3 of the
entorhinal cortex.

Our results for MST were also negative. To our knowledge, no other study has looked for
histological damage or loss of cells following cases of seizures induced by MST. Studies of
repetitive transcranial magnetic stimulation (rTMS), with or without unintended seizures, are
mostly negative. Magnetic resonance imaging studies of rTMS have revealed no abnormalities
of structure or diffusion (Li et al., 2003; Nahas et al., 2004). The only histological study in
humans qualitatively examined temporal lobectomy specimens from two epileptic subjects
who underwent rTMS with approximately 2,000 stimulations over the preceding 2—4 weeks
(Gates et al., 1992). In one, rTMS induced an unintended partial motor seizure. Neither
temporal lobectomy specimen showed pathological changes, except for a vascular
malformation that obviously preceded rTMS. In lower mammals, most studies are negative,
but two report subtle, qualitative abnormalities. There is a report of cortical microvacuolar
changes, visible by light microscopy, following rTMS in unanesthetized rats (Matsumiya et
al., 1992). Another study (Zyss et al., 2001) found no abnormalities by light microscopy of the
brains of rats treated with ECS or rTMS, but reported “edematous changes” visible by electron
microscopy that were milder after rTMS than after ECS. Sgro et al. (1991) found no qualitative
abnormalities after rTMS of anesthetized rats. Post et al. (1999), in a qualitative study, found
neither pathological changes nor increased immunoreactivity for glial fibrillary acidic protein
(GFAP) in anesthetized or unanesthetized rats after rTMS, and they specifically ruled out
microvacuolation. Ravnborg et al. (1990) found no change in the permeability of cerebral blood
vessels after rTMS in anesthetized or unanesthetized rats. Qualitative studies by Nishikiori
(1996) and Counter (1993) found no abnormalities of the brain after extensive rTMS in
unanesthetized rabbits. Using quantitative in situ hybridization, Fujiki and Steward (1997)
found an increase in MRNA for GFAP after rTMS in unanesthetized mice, but they did not
examine glial morphology or GFAP immunoreactivity. In summary, there is little evidence
that transcranial magnetic stimulation produces structural changes, whether or not seizures are
induced.

A potential limitation of our study is the use of ketamine to sedate the animals for insertion of
an intravenous line prior to treatment. While, in theory, ketamine could protect against
excitotoxic damage, this is unlikely to have occurred with the low dose (5 mg/kg) that we
employed. In a rat model of cerebral ischemia, a dose of 60 mg/kg of S(+) ketamine (2-3 times
more potent than the racemic mixture that we used) was required to reduce neuronal loss in
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cerebral cortex, and even 90 mg/kg did not reduce neuronal loss in any sector of the
hippocampus (Proescholdt et al., 2001). Furthermore, the seizure thresholds in our animals
were similar to those in a subsequent study by our group, in which the animals were trained to
accept the placement of the intravenous line, so that ketamine was not necessary (Moscrip et
al., 2006; Spellman et al., 2008).

Since glia were not subclassified, we cannot rule out a loss of one type (e.g., oligodendrocytes
or NG2 glia), accompanied by an increase in another type, (e.g. astrocytes or microglia).
However in grey matter, an astrocytic or microglial reaction is likely to be related to loss of
neurons, which was not observed; furthermore, on qualitative examination of hematoxylin and
eosin-stained sections (reported previously for half of the animals (Dwork et al., 2004) and
subsequently confirmed for the remainider), we did not see microglial nodules or hypertrophic
(reactive) astrocytes, which would be characteristic of reactions to dying cells. Counting
specifically of activated microglia may provide a more sensitive indicator of cellular reaction
to damage, and in the future may confirm or challenge these negative results. However, this
cannot be done on Giemsa-stained sections, and instead will require immunohistochemical
stains whose consistency and sensitivity must be rigorously established.

An inevitable limitation of this study is its statistical power, even though our sample is large
compared with other terminal studies of nonhuman primates. With 8 subjects per group, the
one-way ANOVA has a power of 0.8 to detect an effect size f (= SD of the 3 group means/SD
of all subjects) of 0.7. Since the standard deviations of our measures are in the range of 11%-
29% of the means, f = 0.7 when the highest and lowest means differ by 14% to 42%, so the
power to detect smaller differences is limited. Nonetheless, if one considers the a priori
hypothesis that the number of neurons in CAL will be lower in ECS-treated than in sham-
treated animals, a 1-tailed t-test would have a power of 0.8 to detect a decrement of 12%, 0.95
to detect a decrement of 16%, and 0.99 to detect a decrement of 19%, which is comparable to
the decrement seen after 3 kindled seizures in the rat (Cavazos et al., 1994). This calculation
is based on the observed coefficient of variation for each of the two groups (0.11 and 0.13),
which encompasses both the imprecision of the measurement for each animal and the true
variability among animals. However, the observed values for the two conditions were nearly
identical: the mean number of neurons in CAL was 1% greater (95% confidence interval 12%
lower to 15% greater) in the ECS-treated group than in the sham-treated group (1-tailed
p=0.43), and the mean neuronal density was 3% lower (1-tailed p=0.34). We note (Table) that
the ratio of mean coefficient of error (CE, predicted ratio of standard deviation of estimate to
value of estimate) to coefficient of variation (CV, observed ratio of standard deviation to mean
for all subjects) is greatest, among all of the measures reported, for neuronal number in CAL.
However, comparing. the relative contributions of imprecision of the estimate and between-
subject biological variability (BV), from CV2 = BV2 + CEZ ((Mouton, 2002), p. 23), it is
apparent that little statistical power would be gained even were the imprecision of the estimate
eliminated entirely (Figure 3). This conclusion applies even more strongly to the other
measures, where the contribution of the CE to the total variance is smaller.

The animals in these experiments were healthy young adults. The clinical use of ECT and MST
in the treatment of depression are not so restricted. We do not know whether depression itself
is associated with susceptibility to neural injury by therapeutically-induced seizures.
Furthermore, ECT is often used in elderly subjects, and there are no absolute medical or
neurological contraindications (American Psychiatric Association Committee on
Electroconvulsive Therapy, 2001; Royal College of Psychiatrists Special Committe on ECT,
2005). Thus, until similar experiments are carried out in the context of animal models of aging
or of neurological or medical diseases, and confirmed by autopsy studies of patients with such
conditions, any inferences about the clinical safety of these methods must be made with these
limitations in mind.
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Using a model similar to the current study, we have shown increased hippocampal neurogenesis
in ECS-treated Macaca radiata (Perera et al., 2007). We have likewise identified increased
cell proliferation in the subgranular layer of the hippocampal dentate gyrus of the subjects
treated with ECS, but not MST, in the current study (unpublished data). While it would be of
interest to employ stereological methods to determine the effects of adult neurogenesis, such
a study would focus on granular cells of the dentate gyrus. In contrast, the current study was
focused on safety and therefore examined the hippocampal pyramidal cell layer and frontal
cortex, likely areas for neuronal damage, but in which adult neurogenesis, if present, is much
more limited (Cameron and Dayer, 2008).

The current study suggests that, like ECS, neither high doses of rTMS nor rTMS-invoked
seizures result in structural damage to brain tissue. The dosage of MST tested here was 2.5
times the seizure threshold, selected to match the ECT dosage. The safety of higher MST
dosages is under investigation (Kirov et al., 2008; Spellman et al., 2008).
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Abbreviations

BV biological variability

CA1l cornu ammonis 1 (field of hippocampus)
CA3 cornu ammonis 3 (field of hippocampus)
CE coefficient of error

CcVv coefficient of variation

ECS electroconvulsive shock

ECT electroconvulsive therapy

GFAP glial fibrillary acidic protein

mMRNA messenger ribonucleic acid

MST magnetic seizure therapy

rTMS repetitive transcranial magnetic stimulation

SD standard deviation

TMS transcranial magnetic stimulation
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Figure 1.

Means and standard deviations of neuronal numbers and densities, glial numbers and densities,
and volumes of hippocampal and frontal subregions and entire frontal cortex. Abbreviations:
CAl, CA2-3, subfields of hippocampus. DPFC, PPFC, VPFC, dorsal, posterior, and ventral

portions of prefrontal cortex.
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Figure 2.

Typical, healthy appearance of hippocampal CA1 pyramidal cells in a cohort of 3 animals
treated with ECS, anesthesia alone (sham), or MST, as indicated. Hematoxylin and eosin on
40 micron frozen sections. Scale bar =50 microns.
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Figure 3.

Statistical power for detection of indicated differences in total neuronal number in CA1 by 1-
tailed t-test, a = 0.05, with 8 subjects per group. Broken blue curve indicates power based on
observed standard deviation. Solid red curve indicates power based on theoretical standard
deviation if imprecison of estimates could be eliminated entirely (i.e., CE = 0). Intersections
of vertical lines with x-axis indicate differences detectable with power of 0.8. Power
calculations from G*Power Version 3.0.1 (Faul et al., 2007).
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