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ABSTRACT The pharmacological and physiological effects of chronic administration
of the selective serotonin (5-hydroxytryptamine, 5-HT) reuptake inhibitor (SSRI) fluox-
etine and the dual 5-HT/norepinephrine (NE) reuptake inhibitor duloxetine were
compared on 5-HT-mediated electrophysiological responses recorded in the hippocampus
of young (3–5 months) and old (17–20 months) female Fischer 344 rats. Fluoxetine,
duloxetine, or vehicle (saline) was administered once daily for 14 days (10 mg/kg, i.p.) and
extracellular recordings of spontaneously firing CA1 and CA3 pyramidal neurons were
conducted 24 h following the last injection using microiontophoretic drug application
techniques in a chloral hydrate anesthetized preparation. The recovery times (RT50

values; sec) following 5-HT application on pyramidal neurons were significantly in-
creased in the young and old chronic fluoxetine (FLX) treated groups (73% and 104%,
respectively; P , 0.05), but not chronic duloxetine- (DLX) or vehicle- (VEH) treated
groups. Following prolonged application of duloxetine (5–10 min), the 5-HT RT50 values
were significantly increased in the young FLX groups as compared to the age-matched
DLX- and VEH-treated groups. In contrast, a significant decline in the time to recovery
produced by 5-HT (52%) was observed in the old vs. young FLX-treated group following
the second co-application of 5-HT with duloxetine. Within each drug treatment and age
group, co-application of duloxetine and 5-HT did not alter the inhibitory responses (IT50

values; nC) produced by the application of 5-HT alone. These results demonstrate
cellular adaptive changes in serotonergic neuronal function occur following repeated
exposure to 5-HT reuptake inhibitors in an age-dependent manner. Synapse 30:318–
328, 1998. r 1998 Wiley-Liss, Inc.

INTRODUCTION

The serotonergic system of the CNS is organized with
serotonin (5-hydroxytryptamine, 5-HT) -containing cell
bodies in the dorsal raphe nucleus (DRN) and median
raphe nucleus (MRN) innervating widespread regions
of the forebrain, including the hippocampus (Azmitia,
1991; Kohler and Steinbusch, 1982). Multiple 5-HT
receptors, including the 5-HT1A subtype (Hall et al.,
1985; Hoyer et al., 1994; Vergé et al., 1986), are
distributed throughout the hippocampus (Brown et al.,
1993; Chalmers and Watson, 1991; Grossman et al.,
1993). Direct physiological effects of 5-HT application
in this region include 5-HT1A receptor-mediated inhibi-
tion of pyramidal cell firing (Andrade and Nicoll, 1987;
Chaput et al., 1988; Dugar and Lakoski, 1997; Smith

and Lakoski, 1997a,b). The 5-HT transporter (5-HTT)
is also uniformly distributed throughout the hippocam-
pus (Hensler et al., 1994; Sur et al., 1996) and serves as
a target of inhibitors selective for 5-HT reuptake
(SSRIs). As deficits in central serotonergic transmis-

Contract grant sponsor: U.S.P.H.S.; Contract grant number: P01 AG10514
awarded by the National Institute of Aging; Contract grant sponsors: Pennsylva-
nia State University Gerontology Center Faculty Development Award, Pennsyl-
vania State University College of Medicine, Department of Pharmacology;
Contract grant sponsor: National Institute of Aging U.S.P.H.S.; Contract grant
number: T32 AG00048.

*Correspondence to: Joan M. Lakoski, Ph.D., Departments of Pharmacology
and Anesthesia, The Pennsylvania State University College of Medicine, 500
University Drive, Hershey, PA 17033–0850. E-mail: jml19@psu.edu

Present address for Jane Smith: Departments of Environmental Health and
Pharmacology, Box 357234, Room F553, University of Washington, Seattle, WA
98195.

Received 8 July 1997; Accepted 3 February 1998

SYNAPSE 30:318–328 (1998)

r 1998 WILEY-LISS, INC.



sion have been implicated in the etiology of depression
(Blier et al., 1987; Coppen, 1967; Meltzer and Lowy,
1987; Murphy et al., 1978), blockade of 5-HT reuptake
processes by SSRIs serve to enhance the synaptic
actions of this indoleamine.

Depression is a prominent psychiatric disorder in the
elderly community, specifically in the female popula-
tion (Blazer, 1980; Casey, 1994; Khan et al., 1993;
Koenig and Blazer, 1992; Weissman and Olfson, 1995).
In the elderly patient, the time required for the improve-
ment of depressive symptoms with antidepressant
therapy has been reported to be as long as 6–12 weeks
(Slotkin et al., 1989). However, a delay of only 2–3
weeks after initiation of antidepressant treatment is
typically required for the onset of clinical efficacy in
younger adult patients (Baldessarini, 1990; Briley and
Moret, 1993; Richelson, 1991). This pattern of therapeu-
tic delay is characteristic of SSRIs and involves adap-
tive changes in the serotonergic system (Blier and de
Montigny, 1994; Siever et al., 1986; Watchel, 1989). For
example, pretreatment with the SSRIs citalopram or
paroxetine for several weeks decreased the physiologi-
cal sensitivity of somatodendritic 5-HT1A autoreceptors
in the DRN, independent of changes in hippocampal
responses (Chaput et al., 1986; de Montigny et al., 1990;
Piñeyro et al., 1994). Investigations of the cellular
physiological effects of chronic exposure to SSRIs on
serotonergic function have not yet been examined across
the lifespan.

The delayed and/or reduced effectiveness of antide-
pressant therapy in the elderly may involve age-related
declines in the serotonergic neuronal system. Age-
associated alterations have been characterized with
respect to the synthesis, release, and turnover of seroto-
nin (Gozlan et al., 1990; Moretti et al., 1987; Schlicker
et al., 1989; Tanila et al., 1994; Venero et al., 1993),
5-HT receptor density (Arranz et al., 1993; Burnet et
al., 1994; Marcusson et al., 1984), density of the 5-HT
transporter (Arora et al., 1993), as well as physiological
sensitivity to this indoleamine (Arentsen and Lakoski,
1993; Smith and Lakoski, 1997b). Declines in recovery
following 5-HT-induced inhibition in the aging hippo-
campus have also been identified following microionto-
phoretic application of reuptake inhibitors (Smith and
Lakoski, 1997b) or neurochemical denervation of sero-
tonergic afferent input to the hippocampus (Dugar and
Lakoski, 1997). However, the adaptive responses which
occur in this neuronal system following the chronic
administration of 5-HT reuptake inhibitors have not
yet been characterized with respect to aging.

The present study investigated the in vivo electro-
physiological profile of 5-HT, duloxetine, a dual 5-HT
and norepinephrine (NE) reuptake inhibitor, and fluox-
etine, an SSRI, in the hippocampus of the aging female
Fischer 344 rat. A previous study noted that duloxetine
and fluoxetine exhibit similar, but not identical, pharma-
cological and physiological profiles in the hippocampus

(Smith and Lakoski, 1997a). Following chronic pretreat-
ment with duloxetine (DLX), fluoxetine FLX), or vehicle
(VEH), 5-HT-mediated responses were recorded in a
chloral hydrate anesthetized preparation and the inhibi-
tory (IT50 values) and recovery responses (RT50 values)
to 5-HT application alone and with concomitant DLX
application were determined in young and old treat-
ment groups.

MATERIALS AND METHODS
Animals

Virgin female Fischer 344 rats (NIA; Bethesda, MD)
were used at ages 3–5 months and 17–20 months.
These ages represent different stages of the reproduc-
tive lifespan of the female rat, including the sexually
mature young adult and reproductively senescent
groups, respectively (Finch et al., 1984; Lakoski, 1994;
Wise, 1983). Ongoing studies in our laboratory are
utilizing this model to examine the effects of pre- and
postmenopausal hormone environments on the physi-
ological profile of central serotonergic systems. For
studies with chronic FLX administration, an older age
group (24–27 months) was included for comparison to
the younger age groups. Animals were maintained
under standard housing conditions with a 12-h light/
dark cycle (lights on 0700). Food and water were
provided ad libitum.

Drug solutions

For chronic drug administration studies, DLX HCl
(courtesy of Eli Lilly; Indianapolis, IN) and FLX HCl
(Sigma Chemical, St. Louis, MO) were dissolved in
0.9% NaCl and stored at 4°C until use. A 0.9% NaCl
solution was prepared for vehicle injections to a control
treatment group.

For microiontophoretic studies, DLX HCl (0.01 M in
0.1 M NaCl), FLX HCl (0.01 M in 0.1 M NaCl) and
serotonin creatinine sulfate (5-HT; 0.04 M; Research
Biochemicals International; Natick, MA) were used at
pH 5.5. Drug solutions were aliquoted and stored at
-80°C until use.

Chronic drug administration protocol

Animals were handled for 1 week prior to initiation of
injections and randomly divided into three treatment
groups, including FLX, DLX, and control (VEH). DLX
or FLX was administered (10 mg/kg, i.p., 0.1% body
weight) once daily for 14 days between 0800–1000 h.
Control animals were treated with VEH (0.9% NaCl,
i.p.) in a similar manner. Throughout the injection
period, body weight was monitored daily and vaginal
smears performed to determine the pattern of estrous
cyclicity.

Vaginal smears indicated that the estrous cycle was
disrupted in the young treatment groups with animals
in metestrous or diestrous stages of the cycle (character-
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ized by low circulating estrogen levels). The old treat-
ment groups were in diestrous before and throughout
the injection period.

Electrophysiological recordings

Extracellular recordings in the hippocampus were
performed 24 h following the last drug injection; record-
ing sessions were initiated between 0900 and 1100 h to
control for possible circadian variations in the endo-
crine environment. Rats were anesthetized with chloral
hydrate (400 mg/kg, i.p.; Research Biochemicals Inter-
national) and placed in a Kopf small animal stereotaxic
instrument. This anesthetic has been reported to have
no significant effect on spontaneously active hippocam-
pal pyramidal cell firing rates in aging male and female
rats (Olpe and Steinmann, 1982; Dugar and Lakoski,
1997; Smith and Lakoski, 1997a,b). A constant level of
anesthesia was maintained throughout the experiment
with supplemental doses of chloral hydrate adminis-
tered via a cannulated lateral tail vein. Body tempera-
ture was maintained at approximately 36°C using a
thermostatically regulated heating pad.

Extracellular recordings from pyramidal neurons of
the CA1 and CA3 regions of the hippocampus were
conducted according to the procedures of Smith and
Lakoski (1997b). Briefly, a small burr hole was drilled
3.8 mm lateral to the midline and 4.0 mm posterior to
bregma (Paxinos and Watson, 1986) for electrode place-
ment. Five-barrel micropipettes (Model P-5, ASI Instru-
ments, Warren, MI) were pulled (Narishige vertical
electrode puller) and beveled under a microscope to a
tip diameter of 6–10 µm. The side barrels were filled
with 5-HT, DLX, FLX, or 2 M NaCl for channel balanc-
ing (Salmoiraghi and Weight, 1967). The recording
barrel was filled with a 2% Pontamine Sky Blue solu-
tion (impedance 1–4 MV). Neurons of the CA1 and CA3
regions were found between 2.0 and 2.5 mm and 2.6 and
3.2 mm vertical to the surface of the rat brain, respec-
tively. Conventional amplification methods were used
as described in Dugar and Lakoski (1997) and Smith
and Lakoski (1997b).

Platinum leads connected to an electrophoresis unit
(Model E104 B/4, Fintronics Inc., Orange, CT, USA)
were used for current (5–40 nA) ejection of drugs from
the electrode barrels. The duration of drug ejection
ranged from 1 to 10 min followed by at least a 2-min
recovery interval between successive drug applications.
The currents used for the microiontophoretic applica-
tion of 5-HT were applied in a random order (e.g., 5, 40,
20, and 10 nA) to control for current-dependent drug
effects. To avoid variability that might be introduced in
the analysis of co-application data, the majority of cells
(95%) were tested under conditions in which DLX was
co-applied at 10 nA. This current has been previously
demonstrated to have minimal to no direct effects on
spontaneous baseline firing (Smith and Lakoski,

1997a,b). Typically, a current of -10 nA was used to
retain cationic drugs in the electrode barrels.

Recording sites were verified histologically by dye
ejection at the close of each experiment. Current (-20
µA) was passed through the recording barrel for 40 min
using a bipolar constant current source (VL-1200d,
Fintronics). The brain was removed and stored in 10%
buffered formalin. Brain sections (50 µm) were pre-
pared, placed on subbed slides (0.5% gelatin), and
counterstained with cresyl violet. Electrode placement
was confirmed microscopically. Only data obtained from
CA1 and CA3 hippocampal pyramidal subfields were
included for further analysis.

Microiontophoretic data analysis

Spontaneous baseline firing rates were calculated
using the mean rate of cell firing for 1 min prior to the
initial drug application and reported as mean 6 SEM.
Inhibition of pyramidal cell firing produced by drug
application was assessed using the IT50 value. As
defined by de Montigny and Aghajanian (1977), the IT50

value (nC) is the current in nA 3 time in seconds
required to obtain a 50% decrease in firing rate.

The recovery phase following inhibition of cell firing
was assessed using the RT50 value. The RT50 value is
defined as the time in seconds required for the cell to
recover to 50% of the mean baseline firing rate (de
Montigny et al., 1980) and was calculated from the
minute following the interval of drug application. The
RT50 value is an index of the ability of a presynaptically
located transporter to remove a neurotransmitter from
the synaptic cleft (de Montigny et al., 1980).

Statistical analysis

Results are reported as mean 6 SEM with Sigma
Stat (Version 1.0, Jandel Scientific, San Rafael, CA)
used for statistical comparisons. Spontaneous cell fir-
ing rates, IT50, and RT50 values were compared using a
two-way ANOVA across age and drug treatment groups
followed by Student-Newman-Keuls’ method for pair-
wise comparisons, with P , 0.05 chosen as the level of
significance. Data recorded from neurons located in
CA1 and CA3 subfields were combined due to a lack of
significant differences in physiological and pharmaco-
logical parameters at each age. Only 1–2 cells per
animal were included for analysis in order to avoid bias
of the results with respect to drug treatment or age.
Integrated frequency histograms were scanned for re-
production (Logitech ScanMan Model 256; Logitech,
Fremont, CA) into Logitech FotoTouch (Version 2.1;
Logitech).

RESULTS
Effects of chronic administration of DLX, FLX, or
VEH on hippocampal pyramidal cell firing rates

The spontaneous firing rates of hippocampal pyrami-
dal neurons were not significantly altered in age-
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matched FLX, DLX, or VEH treatment groups (Table I;
F

[2, 56 ]
5 1.932, P , 0.154); no significant differences in

cell firing rates were observed between ages.

Sensitivity of hippocampal cells to application
of 5-HT alone following chronic FLX,

DLX, or VEH

The inhibitory response (IT50 values) produced by
5-HT application in hippocampal neurons was not
significantly altered following chronic FLX or DLX
administration as compared to chronic VEH groups in
both ages (Fig. 3; F[2, 5] 5 0.337, P , 0.715). As
illustrated in recordings of hippocampal neurons from 3
and 5 month FLX, DLX, and VEH animals (Fig. 1),
microiontophoretic application of 5-HT (10, 20, and 40
nA) consistently inhibited cell firing with a 50% reduc-
tion in baseline firing observed in the FLX, DLX, and
VEH treated animals (IT50 5 600, 800, and 1,200 nC,
respectively). Similarly, recordings of hippocampal cells
from 18–20 month animals illustrate the inhibitory
effects of 5-HT in FLX, DLX, and VEH treated groups
(Fig. 2). The inhibitory response produced by 5-HT
application (10 nA) in an 18 month VEH animal (IT50 5

400 nC; Fig. 2C) was not altered or slightly increased
following FLX or DLX in 20 and 19 month animals
(IT50 5 300 and 400 nC, Fig. 2A and B, respectively).

In contrast to the IT50 values, the rate of recovery
(RT

50
values) following 5-HT application was signifi-

cantly increased in both the young and old FLX as
compared to DLX and VEH treated groups (Fig. 3;
F[2, 56] 5 15.344, P , 0.0001). As shown in frequency
histograms of pyramidal neurons from young DLX and
VEH animals, cell firing recovers rapidly following
5-HT application (RT50 5 10 and 10 sec; Fig. 1B and C,
respectively). This recovery response was increased in
the young FLX animal (RT50 5 70 sec; Fig. 1A). Similar
to young animals, cell firing in old DLX and VEH
animals rapidly recovers following 5-HT microiontopho-
resis (RT50 5 10 and 30 sec; Fig. 2B and C, respec-
tively). Additionally, the time to recovery was increased
in the 19 month FLX-treated animal (RT50 5 70 sec;
Fig. 2A).

Responses of hippocampal cells
to co-application of 5-HT and DLX following

chronic of FLX, DLX, or VEH

As observed with the application of 5-HT alone, the
IT50 values produced by 5-HT co-applied with DLX were
not altered following pretreatment with FLX, DLX, or
VEH in either age group (Figs. 1, 2; summary data not
shown). However, the RT50 values were significantly
altered in an age- and treatment-related manner with
co-application of 5-HT and DLX (Figs. 2, 3, 4).

As illustrated in a Figure 1A and B, the first co-
application of DLX increased the recovery response
following 5-HT application in young FLX and DLX
animals (RT50 5 70, 80, and 80 sec and 10, 50, and 30
sec; 5-HT alone, first and second co-applications; FLX
and DLX animals, respectively). However, in the VEH
animal co-application of DLX with 5-HT did not in-
crease the time to recovery produced by 5-HT alone
until the second co-application (RT50 5 10, 10, and 30
sec; 5-HT alone, first and second co-applications, respec-
tively; Fig. 1C).

The RT50 value following 5-HT application increased
with the second co-application of DLX and 5-HT in the
old DLX animal (RT50 5 10, 10, and 20 sec; 5-HT alone,
first and second co-applications, respectively; Fig. 2B).
However, the recovery response to 5-HT was increased
with the first co-application of DLX in the old FLX
animal (RT50 5 70 and 110 sec; 5-HT alone and first
co-application, respectively; Fig. 2A). In the same cell,
the recovery response was decreased with the second
co-application of 5-HT with DLX (RT50 5 50 sec; Fig.
2A). Similar to the young VEH and old DLX animals,
the time to recovery produced by 5-HT application only
increased following prolonged DLX application in the
old VEH animal (RT50 5 30, 30, and 50 sec; 5-HT alone,
first and second co-applications, respectively; Fig. 2C).

Statistical analysis of DLX co-application with 5-HT
was carried out for RT50 values obtained across ages
and treatment groups (N’s, see Fig. 4; first co-applica-
tion: F[2, 42] 5 9.716, P , 0.0003; second co-application;
F[2, 31] 5 7.180, P , 0.0027). The RT50 values for 5-HT
alone and co-applied with DLX in the young FLX group
were significantly increased as compared to the recov-
ery responses for the same applications in both 3–5
month and 17–20 month DLX and VEH animals.
Likewise, the time to recovery following 5-HT applica-
tion alone was significantly enhanced (P , 0.05) in the
old FLX group as compared to 3–5 month and 17–20
month DLX and VEH animals. However, with the
co-application of 5-HT and DLX the pattern of recovery
was different in the old FLX group than in the young
FLX group, such that the RT50 value for 5-HT was not
altered with the first DLX co-application. Furthermore,
the time to recovery for the second co-application of
5-HT with DLX was significantly reduced (52%) as
compared to the same application in the young FLX

TABLE I. Spontaneous cell firing rate of hippocampal pyramidal
neurons following chronic fluoxetine, duloxetine, or vehicle
administration in the chloral hydrate/anesthetized female

Fischer 344 rat

Age

Hippocampal cell firing rates (spikes/10 sec)

Fluoxetine Duloxetine Vehicle

3–5 Months 102.5 6 13.8 93.3 6 12.9 101.0 6 15.5
n 5 11 n 5 18 n 5 12

17–20 Months 106.3 6 6.5 55.3 6 5.7 131.3 6 30.6
n 5 7 n 5 6 n 5 8

Data are expressed as mean 6 SEM.
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group. In an additional FLX group of 22–24 month
animals, the RT50 value for the first co-application of
5-HT and DLX was also significantly increased (89%) as

compared to the recovery response produced by the
application of 5-HT alone (Table II; F[2, 13] 5 4.380, P ,
0.0352). In this oldest age group, the time to recovery

Fig. 1. Effects of microiontophoretic application of 5-HT and DLX
on spontaneously active hippocampal pyramidal neurons recorded in 3
and 5 month old chloral hydrate-anesthetized female Fischer 344 rats
following chronic FLX, DLX, or VEH administration. Representative
integrated firing rate histograms show the inhibition of cell firing
produced by 5-HT alone and co-applied with DLX. The inhibition
produced by 5-HT application alone and co-applied with DLX was
similar in the FLX (A), DLX (B), and VEH (C) animals. In contrast, the

recovery phase following 5-HT application was increased in the FLX,
but not the DLX, animal as compared to the VEH control. The RT50
values for 5-HT alone were increased with DLX co-application in the
DLX animal. In contrast, DLX co-application did not significantly alter
the RT50 values produced by 5-HT alone in the FLX or VEH animals.
Bars indicate the duration of drug application (minutes) with current
applied in nA indicated by numbers.
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Fig. 2. Effects of microiontophoretic application of 5-HT and DLX
on spontaneously active hippocampal pyramidal neurons recorded in
18, 19, and 20-month-old chloral hydrate-anesthetized female Fischer
344 rats following DLX, FLX, or VEH treatment. Representative
integrated histograms illustrate the rapid inhibition of cell firing
produced by 5-HT application in all treatment groups. The recovery
phase following 5-HT application alone was significantly increased in
the FLX (A) animal as compared to the DLX (B) animal and VEH (C)

control. The IT50 values produced by the microiontophoresis of 5-HT
were unchanged with DLX co-application. Similarly, DLX co-applica-
tion did not alter the RT50 values produced by 5-HT in the DLX and
VEH groups (B,C). In the FLX animal (A), the RT50 was increased with
the first co-application of 5-HT; however, an attenuation of the
recovery response was seen with the second co-application of 5-HT.
Bars indicate the duration of drug application (minutes) with current
applied in nA indicated by numbers.
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following 5-HT application returned to baseline values
with the continued application of DLX (second co-
application).

DISCUSSION

This study addressed the physiology and pharmacol-
ogy of serotonergic neuronal responses recorded in the
aging hippocampus following repeated administration
of an SSRI in comparison with a putative antidepres-
sant with high affinity for both the norepinephrine (NE)
and 5-HT transporter. The 5-HT recovery response
(RT50 values) was significantly enhanced in the FLX
treatment groups as compared to the DLX and VEH
groups across ages. However, with co-application of
5-HT and DLX, the recovery responses produced by
5-HT were significantly decreased in the old FLX
animals as compared to the same co-application in the
young FLX group. This pattern of recovery was ob-
served in an older FLX group (22–24 month) as well as
with co-application of FLX and 5-HT in 17–20 month
FLX animals (data not shown). This biphasic recovery
response was previously noted in drug-naive 24–27
month female Fischer 344 rats (Smith and Lakoski,
1997b). However, the present study is the first to report
this pattern of recovery for 5-HT-mediated neuronal
inhibition in old animals following chronic pretreat-
ment with FLX.

The prolonged recovery phase observed following
5-HT application suggests that adaptive changes occur

in serotonergic neurotransmission in young and old
animals following repeated administration of FLX as
compared to age-matched VEH groups. This finding in
the young animals is in contrast with previous reports
of 5-HT recovery responses following 21 day paroxetine
treatment (Piñeyro et al., 1994); however, these differ-
ences may be due to the experimental paradigms
utilized, including animal models, injection protocols,
and chronic drug treatments. Using the RT50 value as
an index of presynaptic 5-HT transporter (5-HTT)
function (de Montigny et al., 1980), alterations in the
density or affinity of this reuptake site may account for
alterations in the recovery response. For example, an
increase in the density of the 5-HT transporter has
been observed in the frontal cortex, striate cortex, and
CA1 pyramidal cell layer of the hippocampus following
long-term fluoxetine administration (32–43%, 55% and
111%, respectively; Hrdina and Vu, 1993). Significant
increases in 5-HT transporter mRNA have also been
reported in the DRN following chronic administration
of the monoamine oxidase inhibitor clorgyline and the
tricyclic antidepressant imipramine, and result in an
enhanced expression of this protein (Lopez et al., 1994).
However, a decrease in transporter mRNA levels has
also been observed in the DRN following prolonged
pretreatment with FLX (Lesch et al., 1993).

Alternatively to adaptive changes at the transporter
site, an increase in 5-HT concentration and/or a desen-
sitization of autoreceptors may also contribute to the

Fig. 3. Inhibitory and recovery responses for the microiontopho-
retic application of 5-HT in CA1 and CA3 hippocampal neurons
recorded from chloral hydrate-anesthetized female Fischer 344 rats
following FLX, DLX, or VEH administration. Data are IT50 and RT50
values using responses obtained from cells recorded from 3–5 month
and 17–20 month animals (n [cells/animals] 5 11/9, 18/9, 12/7 and 7/6,

6/5, 8/7; FLX, DLX, VEH; young and old, respectively); responses to
iontophoretic currents were pooled to obtain mean 6 SEM values.
White bars indicate values for the VEH group. Hatched and shaded
bars indicate values for the DLX and FLX groups, respectively.
*Indicates significant difference from VEH and DLX groups (P , 0.05).
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increase in the recovery phase following exogenous
5-HT application. For example, increases in 5-HT con-
centration in the hippocampus have been observed
following chronic administration of FLX (10 mg/kg, i.p.;
Invernizzi et al., 1995; Kreiss and Lucki, 1995). Addi-
tionally, long-term pretreatment with this SSRI attenu-
ated a decrease in 5-HT release produced by (6)-8-
hydroxy-2-(di-N-propylamino)tetralin (8-OH-DPAT;
Kreiss and Lucki, 1995). This loss in sensitivity to
5-HT1A receptor agonists has also been reported follow-
ing chronic fluoxetine exposure in cellular physiological
studies in the DRN and hippocampus (Blier et al.,
1987). In examining the cellular mechanisms of these
neuronal responses observed following antidepressant

treatment, some investigators have reported no changes
in 5-HT receptor binding following long-term antidepres-
sant treatment (Goodnough and Baker, 1994; Maggi et
al., 1980; Peroutka and Snyder, 1980). However, chronic
FLX treatment has been observed to increase the
density of 5-HT2 receptors (Hrdina and Vu, 1993;
Klimek et al., 1994). Furthermore, electrophysiological
studies have provided evidence for the action of FLX at
the 5-HT2 receptor (Ni and Miledi, 1997). Actions of
FLX at multiple 5-HT binding sites may also contribute
to a complex series of cellular responses produced by
chronic SSRI administration.

The synaptic actions of 5-HT were no longer en-
hanced with co-application of DLX or FLX in the 17–20
month FLX treatment group. These results suggest
that the physiological responses to 5-HT observed
following long-term FLX administration may be af-
fected by age-related alterations in the function of the
5-HTT. It is not yet known if these changes are medi-
ated at the 5-HTT sites; however, significant decreases
in the density of the 5-HTT have been observed in
senescent animals (Arora et al., 1993). Conversely, an
increase in 5-HTT mRNA has been noted in the raphe
nuclei of senescent male Sprague Dawley rats (Meister
et al., 1995), suggestive of post-translational modifica-
tions in this transporter with aging. The identification
of polymorphisms in the promoter region of the 5-HTT

TABLE II. Recovery rates determined for the microiontophoretic
application of serotonin (5-HT) alone and co-applied with duloxetine

in the CA1 and CA3 hippocampal pyramidal neurons recorded in
chloral hydrate anesthetized senescent female Fischer 344 rats

following chronic fluoxetine administration

Age

RT50 values (sec)

5-HT
Duloxetine
1 5-HT 1

Duloxetine
1 5-HT 2

22–24 Months 45.0 6 12.0 85.0 6 8.9* 57.5 6 7.5

Data are RT50 values obtained from cells recorded for 24-month-old animals (n
[cells/animals] 5 6/4). Duloxetine 1 5-HT 1 and duloxetine 1 5-HT 2 5 first and
second co-application of 5-HT with duloxetine, respectively.
*Indicates significant difference from the application of 5-HT alone (P , 0.05).

Fig. 4. Recovery rates determined for the microiontophoretic appli-
cation of 5-HT alone and co-applied with DLX in the CA1 and CA3
hippocampal neurons recorded in chloral hydrate-anesthetized young
and old female Fischer 344 rats following chronic FLX, DLX, or VEH
administration. Data are RT50 values were obtained from responses in
cells recorded in 3–5 and 17–20-month-old animals (N [cells/animals] 5
7/5, 18/8, 7/7; 3–5 month VEH, DLX, and FLX treatment, respectively;
7/5, 5/5, 4/4; 17–20 month VEH, DLX, and FLX treatment, respec-
tively); responses to iontophoretic currents were pooled to obtain

mean 6 SEM values and utilized in a two-way ANOVA of all treatment
groups. White bars indicate values for the application of 5-HT alone.
Hatched and shaded bars indicate values for the first and second
co-applications of 5-HT and DLX, respectively. * Indicates significance
from the same drug application in the 3–5 month and 17–20 month
VEH and DLX groups (P , 0.05). # Indicates significant difference
from the second co-application of 5-HT and DLX in the 3–5 month FLX
group (P , 0.05).
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gene associated with affective disorders (Heils et al.,
1995; Lesch et al., 1996 ; Stober et al., 1996) also
indicate another regulatory site in gene expression that
may occur with aging to effectively decrease 5-HTT
function.

In addition to alterations at the 5-HTT site, age-
related decreases in the concentration of 5-HT avail-
able in the hippocampus may contribute to the decline
in the recovery phase observed with aging. Declines in
5-HT levels and the ratio of 5-hydroxyindoleacetic acid
to 5-HT were reported in the aging hippocampus,
striatum, hypothalamus, and cerebral cortex (Tanila et
al., 1994; Gozlan et al., 1990). Alternatively, the concen-
tration of endogenous 5-HT available at the pyramidal
cell synapse may not be sufficient to enhance the
recovery time with prolonged DLX co-application. How-
ever, increases in 5-HT turnover (Moretti et al., 1987;
Venero et al., 1993) or no change in 5-HT levels (Ponzio
et al., 1982; Wester et al., 1984) have also been reported
with advanced age.

Decreases in spontaneous cell firing rates in the DRN
(Lakoski, 1989) and hippocampus (Lippa et al., 1981)
have been identified with aging, which could contribute
to the different pattern of recovery seen in the old FLX
treatment group. However, in the present study the
spontaneous baseline firing rates were found not to be
altered as a function of both drug treatment and age.
Therefore, age-related differences in the serotonergic
responses following chronic FLX treatment were inde-
pendent of alterations in spontaneous firing rates.

Similar to previous reports from our laboratory in
young female Fischer 344 rats (Smith and Lakoski,
1997b), the recovery times following 5-HT and DLX
co-application did not change in the young DLX and
VEH groups. Additionally, the time to recovery follow-
ing 5-HT was not altered with co-application of DLX in
the old DLX and VEH animals. These results indicate
that the adaptive changes that occur in 5-HT neuro-
transmission following chronic FLX administration do
not occur with long-term DLX treatment. The different
patterns of recovery in the DLX vs. the FLX groups may
be due to the reuptake blocking profile of DLX at both
the NE and 5-HT transporters (Fuller et al., 1995;
Kasamo et al., 1996; Wong et al., 1993) or be a function
of the dose of drug chronically administered. As previ-
ously reported, repeated administration of DLX had no
effect on basal levels of 5-HT or NE in the rat frontal
cortex and nucleus accumbens (Kihara and Ikeda,
1995). These results are in contrast to the increase in
5-HT concentrations observed with chronic FLX treat-
ment (Inernizzi et al., 1995; Kreiss and Lucki, 1995)
and may explain the lack of alteration in the RT50

values recorded in the DLX groups. However, Kihara
and Ikeda (1995) also demonstrated an augmentation
of the increase in 5-HT and NE output induced by an

exogenous DLX challenge following chronic DLX pre-
treatment.

Similar to previous studies in which citalopram or
tandospirone were chronically administered (Chaput et
al., 1986; de Montigny et al., 1990; Godbout et al.,
1991), the inhibitory responses to the microiontopho-
retic application of 5-HT were unaltered in hippocam-
pal pyramidal neurons in young and old FLX and DLX
groups as compared to VEH treated groups. Addition-
ally, the inhibitory response produced by 5-HT applica-
tion was not altered with co-application of DLX in
either 3–5 month or 17–20 month FLX, DLX, and VEH
groups. The lack of alteration in IT50 values produced
by microiontophoresis of 5-HT in the hippocampus
following chronic antidepressant treatment also con-
firm previous observations (Chaput et al., 1986; de
Montigny et al., 1990; Godbout et al., 1991). Under
conditions where 8-OH-DPAT inhibition of DRN cell
firing is reduced by chronic administration of
cericlamine, no changes were observed in the hippocam-
pal responses to this agonist (Jolas et al., 1994). Other
investigators have reported similar losses in the sensi-
tivity of the somatodendritic, but not postsynaptic,
5-HT1A receptors following chronic pretreatment with
antidepressants (Kreiss and Lucki, 1995; Li et al., 1996;
Piñeyro et al., 1994). Our laboratory has noted an
increased sensitivity with aging in both CA1 and CA3
pyramidal neurons to the application of 5-HT (Smith
and Lakoski, 1997b). However, in the present study
using a paradigm of repeated daily drug administra-
tion, no alteration in the inhibitory effects were seen
with aging in any treatment groups. This difference
may be attributed to the experimental regimen, which
included daily drug injections, or to the ages examined.

As previously observed in adult male Sprague Daw-
ley rats (Smith and Lakoski, 1997a), DLX and FLX
exhibited different pharmacological and physiological
profiles in female Fischer 344 rats. The adaptive physi-
ological responses in 5-HT neurotransmission in young
animals following 14-day administration of FLX were
not observed in the old animals. These results support
the hypothesis that longer treatment with SSRI antide-
pressants may be required in elderly patients to achieve
therapeutic efficacy. The lack of effect of chronic DLX
treatment on hippocampal 5-HT function suggests that
dual reuptake inhibitors may require an even longer
treatment period to produce clinical benefit in patients.
Studies addressing the cellular mechanisms of SSRIs
and dual reuptake inhibitors across the lifespan will
advance our knowledge of the usefulness of these
classes of antidepressants in the treatment of depres-
sion in the elderly.
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