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Summary

Objective—Examine therapeutic potential of a selective serotonin reuptake inhibitor (SSRI) and 

a norepinephrine reuptake inhibitor (NERI) in an animal model of comorbidity between epilepsy, 

depression-like, and impulsive-like impairments.

Methods—Epilepsy was induced in male Wistar rats by LiCl and pilocarpine. An SSRI 

fluoxetine (FLX), and a NERI reboxetine (RBX) were administered either alone or as a 

combination over one week. Depressive-like and impulsive-like behaviors were examined using 

forced swim test. Fast scan cyclic voltammetry was used to analyze serotonergic transmission in 

the raphe nucleus (RN)-prefrontal cortex (PFC) pathway, and noradrenergic transmission in locus 

coeruleus (LC)-PFC, and LC-RN projections. Monoamine levels in PFC were measured using 

high performance liquid chromatography. Functional capacities of 5-HT1A receptors and α2A 

adrenoreceptors in PFC were analyzed by autoradiography.

Results—Epileptic rats showed behavioral signs of depression and hyper-impulsivity, 

suppressed serotonergic and noradrenergic tones, decreased levels of serotonin (5-HT) and 

norepinephrine (NE); 5-HT1A receptor and α2A adrenoreceptors functions remained intact. FLX 

failed to improve behavioral deficits, but effectively raised 5-HT level and marginally improved 

RN-PFC serotonergic transmission. RBX reversed impulsive-like behavior, normalized content of 

NE and noradrenergic tone in LC-PFC and LC-RN. FLX-RBX combination fully reversed 

depressive-like behavior, and normalized RN-PFC serotonergic transmission. None of the 

treatment modified the function of 5-HT and NE receptors.
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Significance—Depressive- and impulsive-like behaviors in the pilocarpine model of epilepsy 

stem respectively from dysfunctions of serotonergic and noradrenergic ascending pathways. At the 

same time, epilepsy-associated depression is SSRI-resistant. The finding that an SSRI-NERI 

combination exerts antidepressant effect, along with RBX-induced improvement of LC-RN 

noradrenergic transmission point towards the involvement of LC-RN noradrenergic input in 

enabling therapeutic potential of FLX. Medications that improve serotonergic and noradrenergic 

transmission, such as serotonin-norepinephrine reuptake inhibitors may be effective in treating 

epilepsy-associated SSRI-resistant depression, as well as concurrent depression and ADHD.
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Introduction

Depression and attention deficit/hyperactivity disorder (ADHD) are recognized as common 

comorbidities of epilepsy; their prevalence among epilepsy patients is up to five times 

higher than in people without epilepsy 1–3. Furthermore, comorbidity between depression 

and ADHD is a well-known mental health problem, whereby between one and five out of 

ten patients with depression fit the ADHD diagnosis 4; 5. Although the issue has not been 

explicitly addressed in clinical studies, the latter epidemiological observation infers 

concurrent presence of depression and ADHD in some epilepsy patients. Such triple-

morbidity (i.e. epilepsy-depression-ADHD) would have obvious diagnostic and therapeutic 

implications.

In rodent models of epilepsy, behavioral, neurotransmitter and neuroendocrine impairments 

consistent with depression have been well established 6–9. Several studies have reported on 

ADHD-like abnormalities in epileptic animals 10; 11. A possibility of triple morbidity has 

been suggested in our earlier report: in the LiCl-pilocarpine model, rats show either 

depressive- or ADHD-like behaviors, or both 11. The latter cohort may be especially useful 

for examining mechanisms of epilepsy-depression-ADHD connections, and for experimental 

therapy trials.

While multiple mechanisms have been implicated in depression, serotonergic hypothesis 

prevails. Consequently, selective serotonin reuptake inhibitors (SSRI) represent major tool 

for managing depressive disorders 12. In case of ADHD dopaminergic dysfunction serves as 

a premise for a wide use of psychostimulants 13. At the same time, established perturbations 

in noradrenergic transmission in both depression and ADHD justify the use of noradrenergic 

drugs. Indeed, a norepinephrine reuptake inhibitor (NERI) reboxetine (RBX) has been used 

for the treatment for depression (albeit with controversial results) 14, and another NERI 

atomoxetine has been approved for the treatment of ADHD 15.

In our animal studies, we traced depressive-like impairments to the dysfunction of raphe 

nucleus (RN)- prefrontal cortex (PFC) serotonergic pathway, and ADHD-like impairments- 

to the dysfunction in the locus coeruleus (LC)-PFC noradrenergic projection 11. These 

findings suggest that SSRI and NERI may be indeed effective in improving depression-like 
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and ADHD-like impairments respectively, and further that SSRI-NERI combination (or 

serotonin-norepinephrine reuptake inhibitors, SNRI, such as venlafaxine 16; 17) may be a 

rational therapy choice when both behavioral disorders are present.

Here, we examined effects an SSRI fluoxetine (FLX) and of a NERI RBX administered 

either as monotherapies or as a combination on depressive-like and impulsive-like behaviors 

in rats with chronic epilepsy vis-à-vis effects of the drugs on impairments in serotonergic 

and noradrenergic transmissions in respective ascending pathways.

Methods

Animals

The experiments were performed in male Wistar rats (Charles River, Wilmington, MA), 

fifty days old at the beginning of the study, in accordance with the policies of the National 

Institutes of Health and of the UCLA Office of Protection of Research Subjects.

Induction of chronic epilepsy

Status epilepticus (SE) was induced by LiCl (128 mg/kg, i.p., Sigma, St. Louis, MO) and 

pilocarpine (40 mg/kg, s.c., Sigma) injected 24 hours apart. In order to alleviate the severity 

of SE and subsequent chronic epilepsy, the animals received i.p. injections of diazepam (10 

mg/kg) and phenytoin (50 mg/kg) one and four hours after the first seizure 7; 11; 18. Control 

animals were administered with saline in lieu of pilocarpine.

Beginning from four weeks after SE and until the end of the experiments animals were 

continuously video-monitored for documenting spontaneous seizures.

Forced swim test (FST)

FST was used to examine depressive-like, and impulsive-like behaviors. First FST was 

performed 4 weeks after SE. The test consisted of a single 300-second swimming session in 

a tank filled with water at 22°–25°C. Behavior was video-recorded and analyzed off-line in 

a single-blind fashion. Cumulative durations of three distinct behavioral patterns were 

calculated: active adaptive behavior (i.e. swimming along the walls, climbing attempts, 

diving); immobility (i.e. movements are limited to maintaining head above water with no 

escape attempts); and non-adaptive struggle (i.e. treading water away from the walls with no 

attempts to escape) 7; 11. The first two behaviors are typical for both normal animals and 

those with depressive-like impairments. However, in depression models immobility is 

increased, which is thought to reflect the state of despair/hopelessness 19. Non- adaptive 

struggle is negligible in normal rats, but is observable in 25–50% of animals with epilepsy in 

different experimental series. In an earlier study we found that only those animals which 

display non-adaptive struggle during FST, display impulsivity in the Lateralized Reaction 

Time Task (LRTT) 11, which is specific for ADHD 20; 21. The downside of LRTT and 

similar tasks is that they require weeks to complete10; 20 and are thus associated with 

substantial challenges when used in chronic epilepsy10; 11. Based on the congruency 

between ADHD-specific behaviors during LRTT and non-adaptive struggle during FST, we 

proposed that the latter can be used as a simple surrogate indicator of hyper-impulsivity 11.
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The second FST was performed 24 hours after the end of drug treatment.

Subject selection for drug treatment and data analysis

Two criteria were used for advancing the animals to experimental therapy and/or for 

including the data into the analysis.

(i) Spontaneous seizures. Animals which displayed no seizures during the first four 

weeks of observation (i.e. the presence of epilepsy could not be verified) were 

excluded from further procedures. At any time, rats were also excluded if they 

presented with more than 5 seizures per week, as such high seizure frequency 

renders animals unamenable to behavioral testing 11; 22.

(ii) Behavior. Our earlier studies established that based on behavior in the FST, 

epileptic rats fall into one of four categories: those with depressive-like 

impairments only; with ADHD-like impairments only; with concurrent 

depressive-like and ADHD-like impairments; and with no behavioral deficits 11. 

Such diversity complicates effective design of experimental therapy trials, as 

each sub-population should be analyzed separately, and this would require 

hardly manageable sample sizes. Therefore, in order to standardize experimental 

conditions, we chose only those animals which presented with both depressive-

like (i.e. increased immobility) and impulsive-like (i.e. increased non-adaptive 

struggle) behaviors. Control animals which showed ≥100 s of immobility during 

the first FST, were also excluded.

Drugs and treatments

One week after the first FST, the selected epileptic and control animals were randomly 

assigned to one of four treatment groups: saline; FLX hydrochloride (20 mg/kg, USP, 

Spectrum Chemical MFG Corp, Gardena, CA); RBX mesylate (40 mg/kg, USP, Ontario 

Chemicals Inc., Guelph, ON); FLX (20 mg/kg)+RBX (40 mg/kg). The drugs were injected 

i.p. once a day for seven days. Four-six animals were processed at a time, with all treatments 

present in each group. The procedures were repeated until the final animal numbers were 

reached.

One day after the last injection, the animals underwent the second FST (therefore the first 

and the second tests were separated by two weeks, which were proven sufficient to avoid 

animals’ behavior during the second test being affected by the first swimming session 7; 22). 

Afterwards, the rats were randomly assigned to one of the three procedures: fast scan cyclic 

voltammetry (FSCV), high performance liquid chromatography (HPLC), or autoradiography 

of 5-HT1A receptors and α2A adrenoreceptors; for each assay, the rats were processed 

within 48 hours after the end of the treatments.

FSCV of serotonin (5-HT) and norepinephrine (NE)

FSCV was performed in order to measure the strength of serotonergic and noradrenergic 

tones in the RN-PFC and the LC-PFC pathways respectively. The procedure was validated 

and extensively used by our group 7; 9; 11; 18; 22.
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Under urethane anesthesia (1.5 mg/kg s.c.), the animals were placed in the stereotaxic 

apparatus. Carbon fiber electrode (32 µm, sensitivity ≥20 nA/µm, Invilog, Kuopio, Finland) 

was placed in the infralimbic cortex (from Bregma: anterior 2.7 mm, left 0.5 mm, ventral 5.0 

mm 23). Dry reference Ag/AgCl electrode (diameter 2.5 mm, Invilog) was placed on the 

nasal bone. Coaxial stimulating electrode (diameter 200 µM) was placed in the RN for 5-HT 

detection (from Bregma: posterior −8.0 mm, midline, ventral 6.0 mm 23) and afterwards 

moved to LC for NE detection (from Bregma: posterior −9.7 mm, left 1.2 mm, ventral 7.2 

mm 23). Separately, noradrenergic transmission was analyzed in the RN-LC pathway, 

whereby stimulating electrode was placed in LC and carbon fiber electrode- in RN.

FSCV was performed using In Vivo Voltammetry system (Invilog), consisting of the two-

electrode head stage, connecting to carbon fiber and reference electrodes on the one end, and 

to the Voltammeter/Electrical stimulator unit on the other end. The stimulating electrode 

was connected to the stimulator output of the unit. The unit was connected to a Windows PC 

via the Multifunctional Data Acquisition Board (National Instruments, Austin, TX). Data 

acquisition, collection, analysis and electrical stimulations were performed using the 

proprietary Acquisition and Analysis software (Invilog).

For the 5-HT detection, voltammetric waveform applied to the carbon fiber electrode 

consisted of a resting potential 0 V scanned to 1.2 V, then to −0.6 V and then back to 0 V at 

300 V/s (Fig. 1A) 11; 24. First, to detect the baseline, the waveform was applied 5 times with 

100-ms intervals without electrical stimulation. The procedure was then repeated together 

with electrical stimuli applied to the RN stimulating electrode: bipolar 1 ms square-wave 

pulses, 100 Hz, 0.35 mA (Fig. 1B) 11. The procedure was repeated 5 times, with 10 min 

intervals.

NE detection was performed similarly to 5-HT scans, with two differences: voltammetric 

waveform consisted of a rest potential −0.4 V, scanned to 1.15 V and back to −400 V at 300 

V/s (Fig. 1C); stimulation was set at 30 Hz, 0.5 mA 25 (Fig. 1D).

The amount of transmitter released was expressed as faradaic current calculated by 

subtracting average baseline values from average stimulation-evoked values.

Upon completing FSCV, animals were euthanized, perfused with 4% paraformaldehyde, and 

brains processed for the verification of proper placements of stimulating and carbon fiber 

electrodes.

HPLC of 5-HT and NE

HPLC was performed to measure content of 5-HT and NE in frontal/prefrontal cortex as 

described earlier 7; 26. Under Pentobarbital anesthesia, rats were decapitated, brains removed 

and placed in ice-cold saline. Frontal-prefrontal cortex was dissected upon placing the brain 

in the ice-cold brain matrix. Bilateral coronal 3-mm thick section was taken between coronal 

planes of approximately 4.6 and 1.6 mm anterior to Bregma 23. Samples were weighed, 

sonicated in solution containing 0.09 mol/L perchloric acid, 0.04 mmol/L EDTA and 5 

mmol/L sodium bisulfite (1 ml per 100 mg of wet tissue), and supernatant was collected 

after centrifugation. HPLC was performed using the L-ECD-6A electrochemical detector 
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(Shimadzu, Kyoto, Japan) on the HR-80 column (4.6×8×3 µM, ESA Biosciences, 

Chelmsford, MA). The separation was done in isocratic elution mode using CAT-A-Phase II 

mobile phase (ESA). The measurements were done at an electrode potential of +0.7 V. The 

concentration of 5-HT and NA in wet tissue was normalized against respective standards 

(Sigma). Data were analyzed using Shimadzu EZ StartTM software.

Autoradiography of 5-HT1A receptors and of α2A adrenoreceptors in PFC

Functional capacities of 5-HT1A receptors and of α2A adrenoreceptors to activate G-

proteins were examined using quantitative autoradiography of a respective agonist-

stimulated [35S]GTPγS binding 9; 27. Under pentobarbital anesthesia, the animals were 

decapitated, brains removed and frozen on dry ice. (±)-8-hydroxy-2-dipropylaminotetralin 

(8-OH-DPAT, Tocris, Bristol, UK) 9; 22 and dexmedetomidine (DMED, Tocris) 27 were 

used as 5-HT1A receptor and α2A adrenoreceptor agonists respectively. Twenty micron-

thick coronal sections containing infralimbic cortex (3.2–2.7 mm anterior from Bregma 23) 

were rehydrated, pre-incubated in an assay buffer, and incubated for 2 hours in the assay 

buffer containing 40 pmol/L [35S]GTPγS (Perkin Elmer, Waltham, MA). Receptor-

stimulated [35S]GTPγS binding was determined in the presence of 8-OH-DPAT (1 µM), or 

DMED (1 µM). Basal [35S]GTPγS binding was determined in the absence of 8-OH-DPAT 

and DMED. Nonspecific [35S]GTPγS binding was defined in the absence of 8-OH-DPAT/

DMED and in the presence of 10 µmol/L GTPγS (Sigma). Sections were exposed to Kodak 

Biomax MR film (Amersham, Piscataway, New Jersey) for 48 hours. Digitized 

autoradiograms were analyzed using NIH Image software (ImageJ 1.42q). Autoradiograms 

of 8-OH-DPAT- and DMED- stimulated- [35S]GTPγS binding were quantified by the use of 

simultaneously exposed [14C] standards (American Radiochemicals). Nonspecific binding 

of [35S]GTPγS was subtracted from basal binding and from binding in the presence of 8-

OH-DPAT/DMED.

Data analysis

Data were analyzed by means of Prism 6 software (GraphPad, San Diego, CA). All groups 

passed D’Agostino-Pearson omnibus normality test. One-way or two-way ANOVA 

followed by Tukey post hoc test were used where appropriate. Sample sizes and tests are 

indicated in respective figure legends.

Results

Effects of monoamine reuptake inhibitors on behavior

During the second FST, animals with epilepsy showed an approximately two-fold increase 

in the immobility time, as compared to non-epileptic controls (Fig. 2, left). In both control 

and epileptic rats, neither FLX, nor RBX monotherapy modified the immobility time. 

However, the FLX+RBX combination, while remaining inconsequential in controls, 

significantly reduced the immobility time in epileptic rats, and brought its value into the 

range typical for control subjects (Fig. 2, left, compare the last and the first columns).

In contrast to the animals of control group, epileptic rats displayed an observable non-

adaptive struggling behavior (Fig. 2, right). FLX monotherapy produced no improvements 

Kumar et al. Page 6

Epilepsia. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the struggling behavior. At the same time, RBX, even when administered alone 

significantly reduced non-adaptive struggling, duration of which was in the control range. 

After FLX+RBX combination, the parameter was statistically similar to the one recorded for 

the RBX monotherapy (Fig. 2, right).

Effects of monoamine reuptake inhibitors on neurotransmission in ascending pathways

In animals of control groups, FLX significantly increased serotonergic tone in RN-PFC, and 

RBX increased noradrenergic transmission in LC-PFC. Combined administration of FLX 

and RBX had no additional effects on serotonergic and noradrenergic transmission in 

comparison with the effects of the drugs administered alone (Fig. 3A).

In untreated epileptic rats, both serotonergic transmission in RN-PFC and noradrenergic 

transmission in LC-PFC were significantly suppressed versus controls (Fig. 3A). FLX 

marginally improved serotonergic transmission: while the parameter remained in statistical 

range found in untreated epileptic rats (p>0.05), at the same time it became statistically 

similar to the one observed in untreated control subjects (p>0.05). RBX alone had no effect 

on serotonergic tone; however, combined treatment with FLX and RBX fully normalized 

serotonergic transmission, which was now significantly stronger than in untreated epileptic 

rats (p<0.05) and similar to the one in untreated controls (p>0.05; Fig. 3A, left; compare the 

last and the first columns).

When administered to epileptic animals, RBX alone was sufficient to strengthen 

noradrenergic tone, by bringing it to normal range (i.e. the one observed in untreated 

controls); FLX had no effect on noradrenergic transmission. The effect of RBX+FLX 

combination was similar to the one seen after the RBX monotherapy (Fig. 3A, right).

Effects of RBX on noradrenergic transmission in the LC-RN pathway

In epileptic animals, noradrenergic tone in the LC-RN projection was diminished in 

comparison to controls. RBX treatment did not alter significantly noradrenergic transmission 

in controls rats (although a trend towards the increase was observed). In rats with epilepsy, 

RBX reversed deficit in noradrenergic transmission, by bringing it to the level found in 

untreated control subjects (Fig. 3B).

Effects of monoamine reuptake inhibitors on cortical monoamine levels

In control rats, FLX and RBX monotherapies significantly increased 5-HT and NE levels 

respectively, without affecting concentrations of alternate transmitters. Combined 

administration of FLX and RBX had no additional effects on the neurotransmitter levels, as 

compared to monotherapies (Fig. 4).

In untreated epileptic animals, cortical levels of both 5-HT and NE were significantly lower 

than in controls (Fig. 4). FLX and RBX raised 5-HT and NE levels respectively, without 

affecting concentrations of alternate monoamines. Concentrations of 5-HT after FLX 

treatment and of NE after RBX administration were in ranges observed in the untreated 

control subjects. No interaction between the two drugs was found upon their combined 

administration (Fig. 4).

Kumar et al. Page 7

Epilepsia. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lack of effects of monoamine reuptake inhibitors on function of 5-HT1A receptors and 
α2A adrenoreceptors in prefrontal cortex

No differences were observed between control and epileptic rats for either 8-OH-DPAT or 

DMED-stimulated [35S]GTPγS binding. None of the treatments affected the examined 

parameters in either control rats or those with epilepsy (Fig. 5).

Effects of other doses of FLX and RBX

In additional studies (4–6 animals per group) we examined effects of other doses of the 

drugs (data not shown). FLX (10 mg/kg) had no effects on behavior, monoamine 

concentration, or on the strength of monoaminergic transmission. At 40 mg/kg, FLX 

treatment led to weight loss (>10% of the pre-treatment weight), but to no further 

improvements in any of the assays as compared with 20 mg/kg. RBX at 20 mg/kg had no 

effects on behavior, monoamine concentration and release; no other doses of RBX were 

tested.

Discussion

In rats with epilepsy and concurrent depressive- and impulsive-like impairments, FLX and 

RBX selectively improved behavior and monoamine transmission (Table 1). While FLX and 

RBX given separately failed to improve depressive behavior and dysfunctional RN-PFC 

serotonergic tone, their combined administration led to full recovery from behavioral and 

serotonergic deficits. These effects were likely due to facilitating LC-RN noradrenergic 

transmission by RBX, with subsequent disinhibition of ascending serotonergic RN-PFC 

pathway by FLX.

Impairments in epileptic animals

Perturbations observed in the pilocarpine model corroborated earlier reports 7; 11; 22. 

Epileptic rats presented with both despair/hopelessness-like and impulsive-like behaviors. 

They had suppressed RN-PFC serotonergic tone, suppressed LC-PFC noradrenergic tone11, 

as well as newly shown LC-RN noradrenergic dysfunction and low cortical contents of 5-

HT and NE. We found no alterations in the function of 5-HT1A receptors and α2A 

adrenoreceptors in PFC. This does not exclude a possibility of changes occurring to other 

receptors; however given major roles that these receptors play in depression 28; 29, and 

ADHD 30, it is reasonable to assume that in the pilocarpine model substrates of behavioral 

abnormalities are mostly confined to presynaptic components of monoamine transmission. 

From the therapy perspective, the preservation of postsynaptic targets for 5-HT and NE 

justifies the use of SSRI and NERI.

Effects of FLX

As it has been shown earlier 7; 18, neither depressive-like behavior, nor impaired 

serotonergic transmission in epileptic rats were improved by FLX. SSRI resistance is quite 

common in depression, reaching 30%–50% of patients 31. In the pilocarpine model, we 

attributed FLX resistance to the sustained drive exerted on RN by hyperactive 

inflammatory-neuroendocrine axis: seizure-induced overexpression of hippocampal 

interleukin-1β 32 and subsequent dysregulation of the hypothalamo-pituitary-adrenocortical 
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axis 8; 22 leads to the upregulation of 5-HT1A autoreceptors and ultimate hyper-inhibition of 

5-HT release, which cannot be compensated by the FLX-induced 5-HT1A autoreceptor 

desensitization 9; 18. Congruently with effects of SSRI, FLX raised cortical level of 5-HT. 

This rise alone however, was insufficient (although it still might be necessary) for 

translating into antidepressant effect. Rather, as further discussion suggests, the strength of 

the RN-PFC serotonergic tone may be more important for improving depression symptoms. 

The lack of effects of FLX therapy on 5-HT1A receptors was expected: while presynaptic 5-

HT1A receptors are subject to the ligand-mediated desensitization, postsynaptic 5-HT1A 

receptors are not 33.

FLX had no effect on non-adaptive struggle. Neither did FLX modify any of the aspects 

noradrenergic transmission; while high doses of FLX can inhibit NE reuptake 34, this 

appeared not to be the case for the dose used in our study.

Effects of RBX

RBX had no effects on the immobility, but reversed the non-adaptive struggle in epileptic 

rats. The behavioral effect of RBX was accompanied by effective improvement of 

noradrenergic transmission: both the strength of noradrenergic tone in LC-PFC and the 

content of cortical NE increased (although from our experiments it cannot be deduced 

whether both effects were necessary for RBX to exert therapeutic effects, or one of the two 

was sufficient). These findings agree with previously reported correlation between impulsive 

behaviors and suppressed noradrenergic LC-PFC transmission in the pilocarpine model 11, 

although anti-ADHD effects of RBX in the pilocarpine model will have to be corroborated 

directly using a specific test 10; 11.

Mechanisms via which RBX improves ascending noradrenergic tone require further studies; 

it is conceivable that desensitization of presynaptic α2A adreno-autoreceptors is 

involved 35; 36 (much like desensitization of 5-HT1A autoreceptors is responsible effects of 

SSRI).

While psychostimulants remain a major tool for ADHD therapy, noradrenergic treatments 

have also been used. A NERI atomoxetine is effective in managing ADHD both in 

experimental 21 and clinical 15 settings. Potent effects of RBX in our experiments confirm 

important role that noradrenergic dysfunction plays in ADHD-like abnormalities in the 

pilocarpine model.

The lack of effects of RBX on depressive behavior is not surprising. Although noradrenergic 

deficits have been documented in depression, the efficacy of noradrenergic drugs, and 

specifically RBX has been disputed 14. It is therefore possible that noradrenergic deficits, 

while occurring in depression, play secondary role in its mechanisms.

Lack of effects of RBX on serotonergic transmission is congruent with its high selectivity 

towards norepinephrine transporter vs. serotonin transporter 37.
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Effects of FLX and RBX combination and role of the LC-RN noradrenergic pathway

With regard to cortical levels of 5-HT and NE, noradrenergic transmission in the LC-PFC, 

5-HT1A and α2A receptor function, and non-adaptive struggle, we found no interaction 

between FLX and RBX when the drugs were administered together. Such segregation of 

effects of the two drugs suggests that even though FLX and RBX may cross-inhibit NE and 

5-HT transporters, such inhibition did not occur in the applied doses.

At the same time, the FLX-RBX combination fully reversed the increase in the immobility, 

and restored serotonergic transmission in the RN-PFC pathway. LC send excitatory 

projection into RN, where via α2A adrenoreceptors NE activates serotonergic neurons 38. It 

is plausible that while FLX alone was not sufficient to normalize serotonergic transmission 

(although, as it has been noted, marginal improvement was observed), adding RBX 

stimulated 5-HT output from raphe to a level whereby serotonergic tone was effectively 

restored and this translated into the improvement of depressive-like behavior. This scenario 

was confirmed in our experiments: the diminished noradrenergic LC-RN input in epileptic 

rats may contribute to the dysfunction in the ascending serotonergic pathway, and RBX-

induced strengthening of the LC-RN noradrenergic tone may improve 5-HT output from RN 

to the forebrain.

A SNRI venlafaxine has been effective in patients with SSRI-resistant depression 16, as well 

as in ADHD 17. Our data which show a complex interplay between noradrenergic and 

serotonergic transmission, may explain at least in part, the efficacy of SNRI in some cases of 

SSRI-resistant depression, and furthermore justify the use of such drugs in those patients 

(including patients with epilepsy), who present with both depression and ADHD.

FLX did not modify NE release from LC. LC does receive an input from RN; however, 

activation of RN serotonergic neurons reportedly had no effects on the release of NE from 

LC 38, and the lack of interaction between FLX and RBX on the LC level is congruent with 

this finding.

Although natural history of behavioral impairments in the FST has never been reported 

explicitly, based on our repeatedly corroborated observations, and as it can be inferred from 

published data 7; 22, the deficits presented by individual animals, are stable over time. 

Therefore, even though spontaneous recovery (as opposed to effects of treatments) cannot be 

excluded with absolute certainty, it is highly unlikely. This unlikelihood is further supported 

by specific nature of behavioral and biochemical modifications observed after respective 

treatments.

A note regarding spontaneous seizures

We did not examine effects of monoamine reuptake inhibitors on spontaneous seizures due 

to specifics of the study design. Low seizure frequency inherent to the employed protocol 

and short observation period precluded objective evaluation of modification of seizures by 

FLX and RBX. Anticonvulsant effects of both FLX 39 and RBX 40 have been reported in the 

pilocarpine model, although we failed to find a correlation between frequency of seizures 

and the severity of depressive and ADHD-like abnormalities 7; 11; 22. We can confirm that 

all animals continued showing spontaneous seizures during all treatments. While it was 
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possible that both drugs were able to decrease seizure frequency, this would be an unlikely 

explanation for the observed therapeutic effects of FLX, RBX or FLX+RBX, which were 

selective towards concrete behavioral patterns and types of monoamine transmission.

In conclusion, our study suggests that some epilepsy patients with SSRI-resistant depression, 

as well as those who present with either ADHD alone, or with depression and ADHD 

concurrently, may benefit from combined treatment with SSRI and NERI, or SNRI.
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Key Points

• Selected population of rats with chronic epilepsy present with concurrent 

depressive- and impulsive-like behaviors

• Serotonergic and noradrenergic transmission in ascending pathways are 

dysfunctional in epileptic rats

• Depression is resistant to a selective serotonin reuptake inhibitor (SSRI); 

impulsivity is reversed by a norepinephrine reuptake inhibitor (NERI)

• Depressive impairments and serotonergic dysfunction are reversed by the SSRI-

NERI combination

• Epilepsy patients with SSRI resistant depression may benefit from SSRI-NERI 

combination; epilepsy patients with ADHD may benefit from NERI
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Fig. 1. Fast scan cyclic voltammetry (FSCV) setup
Screen captures of the acquisition software. A. For 5-HT, voltammetric waveform consisted 

of a resting potential 0 V scanned to 1.2 V, then to −0.6 V and then back to 0 V at 300 V/s. 

Right: B. Combined scan and stimulation view for 5-HT detection. Electrical stimuli applied 

to RN (100 Hz) appear as vertical lines superimposed on ramp currents applied to PFC 

(indicated by circles). Shown are first 200 ms out of 500 ms of total stimulation. C. For NE, 

voltammetric waveform consisted of a rest potential −0.4 V, scanned to 1.15 V and back to 

−400 V at 300 V/s. D. Combined scan and stimulation view for NE detection. Electrical 

stimuli applied to LC (30 Hz) appear as vertical lines superimposed on ramp currents 

applied to PFC (indicated by circles). Shown are first 200 ms out of 500 ms of total 

stimulation.
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Fig. 2. Effects of fluoxetine (FLX), reboxetine (RBX) and their combination on behavior in the 
forced swim test in control and epileptic rats
Left: Immobility time. In untreated epileptic rats, immobility time was significantly increased 

as compared with untreated control non-epileptic animals. In control rats, neither of 

treatments modified this behavior. In animals with epilepsy, FLX and RBX monotherapy 

exerted no effects; however combined FLX and RBX administration decreased immobility 

time to the level observed in controls. Right: Non-adaptive struggle. Non-adaptive struggle 

was nearly absent in control animals, but was observed in epileptic rats. RBX monotherapy, 

as well as RBX+FLX administration decreased the time of non-cued struggle to the levels 

statistically similar to those in controls. Data are shown as Mean ± SD. *-p<0.05 vs. Saline 

control; †- p<0.05 vs. Saline epilepsy. Sample sizes: Naïve saline and RBX n=21; Naïve 

FLX and FLX+RBX=17; epileptic saline n=22, FLX n=16; RBX n=19; FLX+RBX n=17. 

Treatment-behavior interaction F (7, 282) = 13.33; effects of treatment F (7, 282) = 89.17; 

effects of type of behavior F (1, 282) = 1585, all p<0.0001.
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Fig. 3. Effects of fluoxetine (FLX), reboxetine (RBX) and their combination on monoamine 
transmission in in control and epileptic rats. A. Serotonergic and noradrenergic transmission in 
ascending pathways
Left: serotonergic transmission in raphe-prefrontal cortex (RN-PFC) pathway. Suppression 

of serotonergic tone in RN-PFC pathway was observed in epileptic rats. In control animals, 

both FLX and FLX+RBX combination facilitated the neurotransmission at the same extent. 

In animals with epilepsy, FLX monotherapy produced a trend towards improving 

serotonergic transmission (P0.05 vs. untreated controls, p>0.05 vs. untreated epileptic rats). 

FLX+RBX combination in epileptic subjects produced significant strengthening of 
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serotonergic transmission as compared with untreated epileptic rats. Right: noradrenergic 

transmission in locus coeruleus-PFC (LC-PFC) pathway. Noradrenergic responses were 

significantly suppressed in animals with epilepsy as compared to the rats of control 

untreated group. RBX and RBX+FLX treatments significantly increased noradrenergic 

transmission both in control and epileptic subjects. In the latter, the parameters were within 

statistical range observed in untreated control. Data are shown as Mean±SD. *-p<0.05 vs. 

Saline control; †- p<0.05 vs. Saline epilepsy. Each group included 6 animals. Two-way 

ANOVA + Tukey’s test for multiple comparisons. Treatment-monoamine interaction 

F(7,80)=9.81; effects of treatment F (7,80)=53.83; effects of type of monoamine F 

(1,80)=3390, all p<0.0001. B. Noradrenergic transmission in the LC-RN pathway. 

Diminished noradrenergic tone was observed in epileptic rats; this impairment was reversed 

by the RBX treatment. -p<0.05 vs. Saline control; †- p<0.05 vs. Saline epilepsy. Four 

animals per group. One-way ANOVA + Tukey’s multiple comparison test, F(3,12)=12.52, 

p<0.05.
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Fig. 4. Effects of fluoxetine (FLX), reboxetine (RBX) and their combination on monoamine 
content in frontal lobes of control and epileptic rats
Left: 5-HT concentrations. In untreated epileptic rats, concentration of 5-HT was 

significantly lower than in untreated animals of control group. In control rats, levels of 5-HT 

were significantly elevated after FLX monotherapy and FLX+RBX combination, with no 

differences between the two treatments. In rats with epilepsy, FLX alone and FLX+RBX 

combination raised 5-HT concentration to levels comparable with those in untreated control 

subjects. Right: NE concentrations. NE levels were significantly lower in untreated epileptic 

rats than in their control counterparts. Administration of RBX alone and RBX+FLX 

combination raised NE levels both in controls and in epileptic animals; in the latter, NE 

concentration was brought to levels observed in untreated animals of control group. Data are 

shown as Mean±SD. *-p<0.05 vs. Saline control; †- p<0.05 vs. Saline epilepsy. Sample 

sizes: Untreated epileptic rats 8; FLX-treated epileptic rats 6, RBX-treated epileptic rats 5; 

each of the remaining groups 7. Two-way ANOVA + Tukey’s test for multiple comparisons. 

Treatment-transmitter interaction F(7,92)=11.9; effects of treatment F (7,92)=45.77; effects 

of transmitter F (1,92)=31.64, all p<0.0001.
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Fig. 5. Lack of effects of fluoxetine (FLX), reboxetine (RBX) and their combination on the 
function of 5-HT1A receptors and of α2A adrenoreceptors receptors in prefrontal cortex of 
control and epileptic rats
The function of 5HT-1A receptors (examined by measuring 8-OH-DPAT-stimulated [35S] 

GTPγS binding), and of α2A adrenoreceptors (examined by measuring DMED-stimulated 

[35S] GTPγS binding) were neither changed in animals with epilepsy, nor modified by any 

of the treatments. Data are shown as Mean±SD. Four samples per group. Two-way ANOVA 

+ Tukey’s test for multiple comparisons. Treatment-transmitter interaction F (7, 48) = 0.07, 

p>0.05; effects of treatment F (7, 48) = 0.08, p>0.05; effects of transmitter F (1, 48) = 42.78, 

p<0.05.
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