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Local potentiation of excitatory synapses by serotonin
and its alteration in rodent models of depression

Xiang Cail®%, Angy J Kallarackal>%, Mark D Kvarta!-3, Sasha Goluskin?, Kaitlin Gaylor4, Aileen M Bailey*,
Hey-Kyoung Lee, Richard L Huganir® & Scott M Thompson!-%7

The causes of major depression remain unknown. Antidepressants elevate concentrations of monoamines, particularly serotonin,
but it remains uncertain which downstream events are critical to their therapeutic effects. We found that endogenous serotonin
selectively potentiated excitatory synapses formed by the temporoammonic pathway with CA1 pyramidal cells via activation

of serotonin receptors (5-HT;gRs), without affecting nearby Schaffer collateral synapses. This potentiation was expressed
postsynaptically by AMPA-type glutamate receptors and required calmodulin-dependent protein kinase—-mediated phosphorylation
of GIuA1l subunits. Because they share common expression mechanisms, long-term potentiation and serotonin-induced
potentiation occluded each other. Long-term consolidation of spatial learning, a function of temporoammonic-CA1 synapses,

was enhanced by 5-HT;gR antagonists. Serotonin-induced potentiation was quantitatively and qualitatively altered in a rat

model of depression, restored by chronic antidepressants, and required for the ability of chronic antidepressants to reverse
stress-induced anhedonia. Changes in serotonin-mediated potentiation, and its recovery by antidepressants, implicate excitatory

synapses as a locus of plasticity in depression.

Depression is a leading cause of mortality and morbidity worldwide!
and probably results from a combination of genetic and environ-
mental risk factors. Although the genes responsible for depression
remain difficult to identify, a common risk factor is stress?. Current
treatments for depression remain unsatisfactory, partly because the
underlying biological changes in brain function in depression remain
poorly understood. The discovery that changes in monoamine levels
alter the affective state of patients led to the hypothesis that a dysfunc-
tion of monoamine signaling, particularly serotonin, causes depres-
sion?. Elevation of serotonin levels with conventional antidepressants,
such as selective serotonin-reuptake inhibitors (SSRIs) and tricyclic
antidepressants, may modulate neuronal excitability and plasticity
by altering the transcription, translation and phosphorylation state
of target proteins3. Neither the principal neural circuits nor the
key proteins that are modulated by serotonin are known, however.
Serotonin is capable of regulating the glutamatergic system, and evi-
dence of changes in excitatory synaptic transmission in models of
depression is accumulating®-%, but it remains unclear how these two
neurotransmitter systems interact.

Depression is likely caused by dysfunction in a variety of brain
regions and cell types, including the hippocampus”-8. Altered hippo-
campal function may also adversely influence the activity of the cortex,
amygdala and other structures associated with reward, motivation
and emotionality. For example, the hippocampal formation provides

a major source of excitatory input to the nucleus accumbens (NAc)°?,
where chronic stress weakens AMPA receptor (AMPAR)-mediated
excitatory synaptic transmission!?.

The highest concentration of serotoninergic fibers in the forebrain
is in stratum lacunosum-moleculare (SLM) of hippocampal areas CA1
and CA3 (ref. 11), where the axons of layer IIT neurons in the entorhinal
cortex form excitatory synapses with the distal apical dendrites of
pyramidal cells. This temporoammonic pathway is required for
some spatial recognition tasks and for long-term consolidation of
spatial memory!2. To understand the function of serotonin better,
we studied its actions at temporoammonic-CA1l (TA-CA1) synapses,
and observed that serotonin potentiated these synapses postsynaptically
and that this potentiation was altered in a rat model of depression.

RESULTS

Potentiation of TA-CA1 synapses by serotonin

We recorded field excitatory postsynaptic potentials (fEPSPs)
in SLM of area CAl of acutely prepared rat hippocampal brain
slices in response to stimulation of the temporoammonic pathway
(Supplementary Fig. 1a). Bath application of the tricyclic antidepres-
sant imipramine (2 uM) or the SSRIs fluoxetine (20 uM) or citalopram
(10 uM), to acutely elevate extracellular serotonin, all increased the
slope of TA-CA1 fEPSPs (Fig. 1a,b and Supplementary Fig. 1b,c).
Potentiation of synaptic transmission by serotonin is notable, as most
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Figure 1 5-HTgR activation selectively potentiates
TA-CA1 cell excitatory synapses. (a) Promoting
accumulation of endogenous serotonin by

bath application of the tricyclic antidepressant
imipramine (2 uM) potentiated TA-CA1 fEPSPs in
SLM of area CA1 of acutely prepared hippocampal
slices (n = 8 slices) in control saline (black open
circles), but not in slices pretreated with the
5-HT;gR antagonist isamoltane (10 uM) (red
triangles, n= 9 slices). Sample traces before
(black) and 60 min after imipramine application
(red) in control saline (top) or in the presence

of isamoltane (bottom) are shown at right. TA,
temporoammonic. (b) Group data showing the
effect of antidepressants on TA-CA1 fEPSPs in
control slices (fluoxetine, n = 4 slices; citalopram,
n = 3 slices) and the effect of anpirtoline

(50 uM) on TA-CA1 fEPSPs in control slices

(red, n= 11 slices; ANOVA, F3 50 =9.751,

P <0.001) or slices pretreated for 60 min with
antidepressants (n = 5 slices pretreated with
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imipramine, n = 5 slices with fluoxetine, n = 3 slices with citalopram, F3 29 = 7.32, P=0.002). Bonferroni post hoc tests revealed that isamoltane prevented the

increase in fEPSP slope observed with antidepressants alone (P < 0.05 versus imipramine, fluoxetine or citalopram) and that anpirtoline treatment differed from
each of these pretreatment + anpirtoline conditions (P < 0.05). *P< 0.05, **P < 0.01 compared with before anpirtoline or antidepressant, paired ¢ test.

(c) The selective 5HT;gR agonist anpirtoline reversibly increased the slope of TA-CA1 fEPSPs in SLM of area CA1 (open circles, n= 11 slices). Isamoltane

(10 uM) blocked the effect of anpirtoline on TA-CA1 fEPSPs (red triangles, n= 5 slices). (d) Anpirtoline selectively enhanced TA-CA1 EPSCs recorded in
whole-cell voltage-clamp mode (open circles), but not simultaneously evoked SC-CA1 EPSCs (filled circles) in a two-pathway experimental design (n =9 cells).
Sample traces are shown at right. The selective increase in TA-CA1 fEPSPs by serotonin, but not of SC-CA1 fEPSPs, is consistent with the selective localization

of 5-HT;gRs in SLM. SC, Schaffer collateral.

neuromodulators inhibit synaptic transmission in the mammalian
CNS, although there is evidence that serotonin can increase glutamate
release in some systems!314,

Serotonin receptor type 1B (Hrt1b) mRNA is present in CA1 cells at
high levels and 5-HT 3R binding sites are concentrated in SLM!>16. We
therefore asked whether 5-HT;gRs mediate the effects of acute eleva-
tion of serotonin on TA-CA1 synaptic transmission. Imipramine appli-
cation did not potentiate TA-CA1 fEPSP slope in slices pretreated with
the antagonist isamoltane (10 uM) (Fig. 1a,b), nor did imipramine or
fluoxetine affect TA-CA1 fEPSPs in slices of hippocampus taken from
mice lacking 5-HTgRs!” (Supplementary Fig. 2a,b). In contrast,
the 5-HT R antagonist NAN-190 (10 uM) had no effect on poten-
tiation of TA-CA1 fEPSPs by imipramine (Supplementary Fig. 2¢).
Consistent with these findings, a selective agonist for 5-HTgRs, anpir-
toline (50 WM)!8, enhanced the slope of TA-CA1 fEPSPs (Fig. 1c).
Unlike the acute potentiating effects of the antidepressants, the effects
of anpirtoline on fEPSP slope were fully reversed after 60 min of
washout. Application of isamoltane during washout of imipramine
decreased the potentiation (Supplementary Fig. 1d), suggesting
that the maintained potentiation induced by antidepressants was a
result of a persistent increase in serotonin levels. Anpirtoline also
produced a doubling of TA-CA1 EPSP slope in whole-cell voltage-
clamp (Fig. 1d) and current-clamp (Supplementary Fig. 2d) record-
ings. Anpirtoline had no effect on fEPSPs in slices pretreated with
isamoltane (Fig. 1c). Another 5-HT gR selective agonist, CP94253
(5 uM), also potentiated TA-CA1 fEPSP slope (Supplementary Fig. 2e).
Anpirtoline antagonizes 5-HTj; receptors at higher concentra-
tions!®, but the 5-HT; receptor antagonist Y-25130 (5 uM) had no
effect on TA-CA1 fEPSP slope (Supplementary Fig. 2e), indicating
that anpirtoline’s effect was mediated by 5-HT;gRs. Anpirtoline-
induced potentiation was unaffected by depletion of serotonin with
p-chlorophenylalanine?® (Supplementary Fig. 1e), indicating that
anpirtoline’s effect was mediated by postsynaptic heteroreceptors and
not the result of an action on presynaptic inhibitory autoreceptors

on serotonergic nerve terminals?!. Finally, application of anpirtoline
had no effect on TA-CA1 fEPSP slope in slices pretreated for 60 min
with antidepressants (Fig. 1b), presumably because the endogenous
serotonin had already maximally activated 5-HTgRs, occluding
the potentiation.

Serotonin-mediated potentiation was specific for the TA-CA1 exci-
tatory synapses in SLM, where 5-HTgRs are concentrated. Neither
anpirtoline (Fig. 1d and Supplementary Fig. 2d) nor fluoxetine
(Supplementary Fig. 2f) had any effect on Schaffer collateral-CAl
(SC-CAL1) cell responses to stimuli delivered in stratum radiatum.
Thus, activation of 5-HT;gRs by serotonin produces a highly localized
potentiation of excitatory synapses.

Temporoammonic inputs are relatively ineffective at inducing action
potential firing in CA1 pyramidal cells, although modest Schaffer col-
lateral cell activation facilitates this process?2. Anpirtoline enhanced
the supralinear summation of temporoammonic-Schaffer collateral
EPSPs and promoted temporoammonic-Schaffer collateral-induced
action potential firing (Supplementary Fig. 3a,b). Activation of
5-HTgRs by endogenously released serotonin and subsequent poten-
tiation of the TA-CA1 pathway therefore promotes action potential
output from area CAl.

Molecular basis of 5-HT-mediated potentiation

Is 5-HT,gR-mediated potentiation of TA-CA1 fEPSPs mediated pre-
or postsynaptically? Neither the amplitude of the temporoammonic
fiber volley (106 % 3% of control, n = 7 slices, P > 0.05) nor the paired-
pulse ratio of TA-CA1 fEPSPs (1.39 £ 1.3 before, 1.34 + 1.0 after anpir-
toline, n = 11 slices, P > 0.05; elicited with pairs of temporoammonic
stimuli separated by 50 ms) were changed significantly by anpirto-
line (Fig. 2a). Furthermore, anpirtoline significantly potentiated the
AMPAR-mediated component of the excitatory postsynaptic current
(EPSC), recorded under voltage clamp at =70 mV (161 5% of control,
n="7slices, ts=4.808, P=0.003), whereas the NMDA receptor-mediated
component of the EPSC at +40 mV was unaffected (83 £ 13%
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Figure 2 Expression of 5-HT;gR-induced potentiation of TA-CA1 synapses
is mediated postsynaptically. (a) Time course of changes of TA-CA1 fEPSP
slope (black circles), fiber volley (open triangles) and paired-pulse ratio
(PPR, red circles) before and after anpirtoline application in a typical
experiment. Representative traces are shown at right, with the fiber volley
at higher resolution above. Neither fiber volley (g = 0.039, P=0.97)

nor PPR (tjo = 1.17, P=0.27) changed with anpirtoline treatment.

(b) Whole-cell voltage-clamp recordings of EPSCs at —=70 and +40

mV in the same cell before (black) and 40 min after application of
anpirtoline (red). (c) Left, image of a CA1 cell filled with Alexa 594 from
a somatic whole-cell pipette indicating sites of microphotolysis of caged
glutamate on distal apical dendrites in SLM or oblique dendrites in
stratum radiatum. Scale bar represents 20 um. Right, bath application of
anpirtoline increased photolysis-evoked EPSPs elicited from dendrites in
SLM in acutely prepared hippocampal brain slices (n =5 cells), but not
from dendrites in stratum radiatum (n = 6 cells in separate experiments),
indicating that 5-HTgR activation selectively enhanced postsynaptic
glutamate responses at sites of temporoammonic synapse formation.
Sample EPSP-like photolysis responses elicited from dendrites in SLM
and stratum radiatum before (black) and after anpirtoline application (red)
are shown at right.

of control, n =5 cells, t, = 1.838, P = 0.14; Fig. 2b). A similar selec-
tive potentiation of pharmacologically isolated AMPAR-mediated
fEPSPs was also observed in extracellular recordings (Supplementary
Fig. 3¢). 5-HTgR-induced potentiation is therefore inconsistent with
classical presynaptic expression mechanisms.

Selective 5-HT;gR-induced enhancement of AMPAR-mediated
responses at temporoammonic synapses may result from a postsyn-
aptic increase in AMPAR function. We tested this hypothesis using
microphotolysis of caged glutamate?3. With photostimuli deliv-
ered in SLM, anpirtoline application produced a near doubling of
the slope of AMPAR-mediated photolysis-evoked EPSPs (phEPSPs;
Fig. 2¢). Consistent with its lack of effect on SC-CA1 EPSPs, anpirto-
line did not increase the slope of AMPAR-mediated phEPSPs elicited
by microphotolysis of caged glutamate onto proximal oblique den-
drites in stratum radiatum (Fig. 2¢). Potentiation of phEPSPs was not
accompanied by changes in either holding current or input resist-
ance (data not shown). Thus, activation of 5-HT gRs specifically and
selectively increases the number or efficacy of postsynaptic AMPARSs
in the distal apical dendrites of CA1 pyramidal neurons in a highly
localized manner.

Stimulation of 5-HT;gRs can activate several protein kinases2425,
including calcium/calmodulin-dependent protein kinase (CaMK).
We first analyzed threonine 286 on CaMKII, which is autophospho-
rylated when CaMK is activated?, in SLM tissue wedges subdissected
from hippocampal slices. Anpirtoline increased CaMK T286 phos-
phorylation with a time course comparable to the induction of the
potentiation (Fig. 3a,b). Incubation of hippocampal slices with KN62
(5 uM), a specific CaMK inhibitor, blocked the effect of anpirtoline on
TA-CA1 fEPSP slope (Fig. 3c). Similarly, intracellular dialysis with a
selective CaMK inhibitor peptide, autocamtide-2-related inhibitory
peptide (AIP, 2 uM; Fig. 3¢) blocked potentiation of TA-CA1 EPSP
slope by anpirtoline. In contrast, anpirtoline-induced potentiation of
fEPSPs was not affected by the protein kinase A (PKA) inhibitor PKI
14-22 (1 uM; Fig. 3¢). We conclude that CaMK is activated rapidly in
response to 5-HTgR activation and that this activation is necessary
for the potentiation of TA-CA1 transmission.

Multiple phosphorylation sites in AMPARs, including two serines
in the C terminus of the GluA1 subunit, are important for synaptic
long-term potentiation (LTP)?7:28. Anpirtoline produced a time-
dependent increase in the phosphorylation of GluAl at serine 831
(142 +11% of untreated, n = 11 slices, t;g = 3.17, P = 0.01), the target of
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protein kinase C and CaMK, but not at the PKA site serine 845 (116 +
8% of untreated, n = 4 slices, P > 0.05), as revealed in western blots of
SLM tissue wedges (Fig. 3a,b,d). Consistent with the lack of potentia-
tion of SC-CAL1 synapses, anpirtoline had no effect on CaMK auto-
phosphorylation or GluA1 S831 phosphorylation in isolated tissue
from stratum radiatum (Supplementary Fig. 4a) or in SLM in tissue
from Htr1b~/~ mice (Supplementary Fig. 4b). Consistent with the
persistent potentiation induced by acute application of antidepres-
sants (Fig. 1), acute fluoxetine treatment resulted in activated CaMK
and phosphorylation of GluA1 S831 that persisted after fluoxetine
washout, unlike anpirtoline (Supplementary Fig. 4c). Comparable
time-dependent increases in CaMK activation and GluA1 S831 phos-
phorylation in response to anpirtoline were obtained with tissue from
the NAc core (Fig. 3e) and medial prefrontal cortex (Supplementary
Fig. 4d), suggesting that local regulation of the strength of synaptic
excitation by serotonin may occur in multiple brain regions that are
important for cognitive and affective function.

We next tested the hypothesis that CaMK-mediated phosphoryla-
tion of S831 is required for anpirtoline-induced potentiation using
transgenic mice in which GluA1 S831 was mutated to alanine (GluA1l
S831A mice), rendering it incapable of being phosphorylated by
CaMK?°. Neither anpirtoline (Fig. 3f) nor fluoxetine (Supplementary
Fig. 4e) had any effect on TA-CA1 fEPSP slope in slices prepared from
these mice, although they potentiated TA-CA1 fEPSP slope in slices
from wild-type littermate mice. We conclude that serotonin enhances
AMPAR function by activating CaMK and increasing GluA1 phos-
phorylation at serine 831.

Serotonin action influences in memory consolidation

Activation of CaMK and phosphorylation of GluA1 are required for
both serotonin-induced potentiation of TA-CA1 synapses and con-
ventional LTP at SC-CA1 synapses?%30. Indeed, induction of LTP at
TA-CALI synapses prevented subsequent potentiation by anpirtoline
(Fig. 4a,b) and TA-CA1 LTP could not be induced after potentiating
fEPSPs with anpirtoline (Fig. 4c). In contrast, anpirtoline did not poten-
tiate SC-CA1 fEPSPs or occlude SC-CA1 LTP (Fig. 4d). We conclude
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Figure 3 Anpirtoline activates CaMK and a Control
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that serotonin-induced potentiation and conventional synaptic LTP
occlude each other at TA-CA1 excitatory synapses, probably because
they share common signaling and expression mechanisms.

TA-CA1 synapses are strongly activated during cognitive tasks,
including both spatial and nonspatial tasks that involve working
and associative memory in primates®!. In rodents, TA-CA1 synapses
support learning in the Morris water maze3? and are required for
long-term memory consolidation!2. To determine whether serot-
onin activates 5-HTgRs at TA-CA1 synapses in intact rats, we asked
whether a 5-HTgR antagonist would have any influence on consoli-
dation of spatially cued memory using the Morris water maze (Fig. 5).
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The time required for rats to locate a hidden platform became shorter
after 6 d of training. Successful memory of the location was verified
in a probe trial 24 h after the final training session. Rats were then
divided into two groups: one group received the 5-HTgR antagonist
SB216641 (4 mg kg of body weight, intraperitoneal, daily for 2 weeks
starting immediately after the probe trial)3? and the others did not
(controls, saline, intraperitoneal, daily). The rats underwent a second
probe trial to test consolidation 28 d after the end of training. Both
groups performed better in this trial than they had before training,
indicating that they had consolidated some memory of the platform
location. Rats treated with SB216641, however, displayed a shorter
latency to find the platform location than the untreated controls.
Furthermore, the latency of the SB216641-treated rats to the plat-
form location was not substantially different 28 d after training than
it was in the 24 h probe trial. Treated rats also crossed through the
platform area significantly more times than the control rats (P < 0.05),

Figure 4 5-HT,gR-mediated potentiation occludes LTP at TA-CA1
synapses and influences memory consolidation. (a) After induction of LTP
with high-frequency stimulation (HFS, four trains, 1 s per train at 100 Hz,
5-min interval), bath application of anpirtoline (50 uM) failed to induce
further potentiation of TA-CA1 fEPSP slope (n = 8 slices). (b) The effect
of anpirtoline on TA-CA1 fEPSP slope remained occluded after induction
of LTP, even when the stimulation intensity was decreased to return the
fEPSP to the baseline level (n = 5 slices). Representative traces are shown
below. Scale bars represent 0.1 mV and 20 ms. (c) Anpirtoline-induced
potentiation of TA-CA1 fEPSP slope occluded tetanus-induced LTP at
TA-CA1 synapses (n = 4 slices). (d) Anpirtoline neither enhanced SC-CA1
fEPSPs nor occluded LTP of SC-CA1 synapses (red, n = 7 slices). LTP of
SC-CA1 fEPSPs in control slices shown in black (n = 5 slices). Only every
other data point is plotted to allow the two data sets to be distinguished.
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Figure 5 Spatial memory consolidation is a
affected by endogenous activation of 5-HTgRs.
(a) Latency to find the target platform in the
Morris water maze decreased significantly
between the first (naive) and last training trial
(trained), indicating that the rats learned the
location of the platform. Latency remained
short during a probe trial administered 24 h
after the last training trial, indicating that the
rats remembered the platform location. Finally,
latency remained significantly shorter than
naive when tested 28 d after the final training
trial, demonstrating memory consolidation.
Rats administered a 5-HTgR antagonist
(SB216641, 4 mg per kg, intraperitoneal)

daily for 14 d starting after the 24-h probe trial
displayed a significantly shorter escape latency
in the consolidation trial than the control group
(0.9% NaCl, intraperitoneal). Representative
examples of the swim path in the maze from
the start (white) to stop (black) positions are
shown at left for control and SB216641-treated
individuals. (b,c) SB216641-treated rats also
spent more time in the target quadrant during
the 28-d consolidation probe trial than controls
(b) and swam a significantly shorter distance
than controls (c). Both groups had identical
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swim speeds (c), however, indicating that the difference in performance was not a result of altered motor function. Full swim paths for two different
individuals in the probe trials are shown at left. Dashed line indicates random performance. **P < 0.05, *P = 0.06, n = 8 rats per group, post hoc t test.

Further statistical information can be found in the Online Methods.

and spent more time in the target quadrant, indicating a more accu-
rate search pattern. Consistent with previous reports that Htr1b~/~
mice have improved short-term learning in the Morris water maze34,
we conclude that activation of 5-HTgRs by endogenous serotonin
interacts with the memory consolidation process, perhaps through
interaction with LTP at TA-CA1 synapses.

Potentiation is altered in a depression model
The serotonin hypothesis of depression postulates that changes in
the actions of serotonin contribute to its pathology. Depression is a

purely human condition, but a depressive-like behavioral state can
be induced in rodents. We therefore investigated serotonin-induced
potentiation in rats subjected to the chronic unpredictable stress
(CUS) model of depression, which has face, construct and predic-
tive validity®. After 3 weeks of CUS, rats displayed both a decrease
in sucrose preference and increased latency in novelty suppressed
feeding (Supplementary Fig. 5a,b), as reported previously for rodent
models of depression3*3¢. We observed that the anpirtoline-induced
potentiation of TA-CA1 EPSPs was much greater in slices from CUS
rats than in unstressed littermates, and that EPSP slope remained

Figure 6 Chronic stress enhances, whereas a 300 - b 400 -

chronic antidepressants eliminate, the Ageiclne Stressedrals o6 Anpiroline  Wash . S";j:ed

effect of anpirtoline on TA-CA1 synaptic e s I g

transmission. (a) Changes in TA-CA1 EPSP oz ..:‘.’.‘?:q;'.“'_.'-" Nt o 5 %0

slope in slices from CUS rats (red, n= 11 cells) = S 200 S ‘,‘ T s e N BE

and control littermates (black, n= 10 cells) 3 °; ‘w | Stressed rat N - ; 2001

showing the larger amplitude and persistence gy w ﬁt°e"r:1°;tes 5%

of potentiation in CUS rats compared with 100 ¢ X ~K_ Jk A =

controls. Representative traces before and after - 00 Contro Imermate 100

anpirtoline application and after 60 min of 0 20 40 60 80 100 120 140 Control  + Anpirtoline  Washout

washout are shown at right. Scale bars represent Time (min)

2 mV and 50 ms. (b) Changes in TA-CA1 EPSP C 200+ — d 300 Stressed rats

slope induced by anpirtoline in slices from CUS ° Anpirtoline Control N Gopiiclne | ‘

rats (red) were larger and more persistent than § littermates 2 _ 1 I _{w i}

the potentiation seen in slices from controls &5 150 - & S 200 “ﬂi ﬂ

(black) (controls, peak change in fEPSP g i?:ifonic_ # @ g

slope = 162 + 3%, fEPSP slope after 60-min =2 pramne #ﬁl" &

wash = 106 £+ 3%, n= 10 slices; CUS, peak ‘j( 100 - de® s E(’ 100 4 M

change = 226 + 23%, 218 + 21% after = F Controls Srress

60-min wash, n= 11 slices). (c) Anpirtoline T T T T Tﬂuoxeun.e

produced no significant effect on fEPSP slope 0 20 40 60 80 0 40 80 120 160
Time (min) Time (min)

in slices from rats treated for 21-28 d with

the antidepressants imipramine (100 mg I-1, red) or fluoxetine (80 mg I-1, blue), whereas it doubled fEPSP slope in slices from controls in interleaved
experiments (black) (imipramine, n = 9 slices; fluoxetine, n = 5 slices; controls, n = 7 slices). (d) Administration of fluoxetine for the final 3 weeks

in rats subjected to 6 weeks of CUS (blue, n= 12 slices) resulted in a restoration of transient anpirtoline-induced potentiation (black, n= 11 slices),
which was clearly different from the irreversible potentiation in CUS rats (red, n = 5 slices).
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therapeutic action of antidepressants. (a) Sucrose preference was high in vehicle-treated m C57BL6j O GluA1 suppressed ?Zﬁ,”
control C57BL6j mice (black) and remained high. SDS eliminated sucrose preference after 250 S831A [ feedng
1 week (light blue). Fluoxetine (80 mg I-1) restored sucrose preference in SDS mice in
which it had been lost (red). The 5-HT;gR antagonist SB224289 (4 mg |- in drinking @ 2001 2 150 4
water) had no effect on sucrose preference in non-SDS mice (gray), but prevented restoration 2 150 4 g
of sucrose preference in SDS mice treated with fluoxetine (dark blue). Asterisk indicates g % 1004 pommmmboooo
significantly less than corresponding baseline. (b) Sucrose preference was high in naive £ 100 4 * * 5
Htr1b~- mice and wild-type (Sv129Imj) mice, and was decreased in both strains after g § 50 -
CUS. Fluoxetine restored sucrose preference in wild-type, but not in Htr1b~-, mice. = 501 H
*P < 0.05, different than baseline in same genotype (Bonferroni corrected post hoc). 04 0
**P < 0.05, different than after CUS (Bonferroni corrected post hoc). Thus, 5-HT{gR &«0\ &\Q“ Q\@\ @Q“ ?}\c?\ Q@"@ Q«\“%
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sucrose preference in control C57BL6j mice (Bonferroni corrected post hoc, P < 0.02),

which was restored by fluoxetine (baseline versus fluoxetine, P> 0.5). Sucrose preference was lower in GluA1 S831A mice than in C57BL6j mice
(Student’s ttest, ;g = 3.37, P< 0.005). Sucrose preference in GluA1 S831A mice was not affected by fluoxetine (t;4 = 0.335, P> 0.7 with paired
ttest), and antidepressant-treated GIuA1 S831A mice had lower sucrose preference than controls (Student’s t test, t,5 = 2.42, P < 0.05 with
Bonferroni adjustment for multiple comparisons). * indicates significantly less than C57BL6j baseline, ** indicates significantly different than
C57BL6]j baseline, but not GIuA1 S831A baseline. (d) In the tail-suspension test, C57BL6J littermates treated with imipramine spent less time
immobile than those treated with saline ({10 = 4.10, P < 0.005). GluA1 S831A mice treated with imipramine spent less time immobile than GluAl
S831A mice treated with saline (13 = 2.35, P< 0.05). * indicates significantly different than control in same genotype. A behavioral response to acute
administration of antidepressants was preserved in this assay, unlike the response to chronic antidepressants in the sucrose preference test. (e) Latency
to feeding in the novelty-suppressed feeding test was longer in GluA1l S831A mice (n = 14) than in wild-type C57BL6j mice (n = 13) (t,; =-2.10,

P < 0.05). GIuA1 S831A mice did not differ from wild-type littermates with regard to time spent in the center in the open field test, but completed
fewer line crossings than littermates, consistent with a hypo-locomotor phenotype, but not increased anxiety (13 = -2.29, P< 0.05). * indicates
significantly different than wild type. Taken together with lower sucrose preference, GIuA1 S831A mice displayed a depressive-like behavioral
phenotype. Further statistical information can be found in the Online Methods.

enhanced even after 100 min of washout in rats subjected to CUS,
but not control rats, in both whole-cell (Fig. 6a,b) and extracellular
(Supplementary Fig. 5¢,d) recordings. The persistence of the poten-
tiation was independent of its magnitude (Fig. 6b) and was resistant to
isamoltane treatment (Supplementary Fig. 5e). Despite the increased
magnitude of the response in CUS rats, the potentiation remained
specific to the TA-CA1 synapse (Supplementary Fig. 5d). Elevation
of extracellular serotonin with acute application of imipramine
also produced alarge enhancement of TA-CA1 fEPSP slope in slices from
rats subjected to CUS (naive, 230 +46%, n = 4 slices; CUS, 370 % 88%,
n = 3 slices; 2 x 2 ANOVA main effect of imipramine Fy 5 = 18.22,
P =0.008; main effect of group naive versus CUS, F) 5 = 2.264, P=0.2).
We conclude that endogenous serotonin can still be released from
dorsal raphe afferents in the hippocampus in rats subjected to CUS
and that the resting level of extracellular serotonin is still regulated by
the serotonin transporter, but that serotonin’s downstream signaling
at excitatory synapses is increased in rats subjected to CUS.

Many antidepressants elevate extracellular serotonin levels, and this
chronic elevation of serotonin increases AMPAR phosphorylation in
the hippocampus®”. We asked what effect chronic antidepressant treat-
ment of naive rats might have on 5-HT gR-mediated potentiation.
In hippocampal slices from rats given imipramine or fluoxetine via
their drinking water for 21-28 d, anpirtoline-induced potentiation of
TA-CA1{EPSP slope was absent, but was present in slices from untreated
littermate controls (Fig. 6¢). In contrast, anpirtoline produced normal

potentiation in slices from rats treated with imipramine for only
36 h (data not shown), insufficient time for most therapeutically rel-
evant behavioral effects in rodents?® and depressed humans. Chronic
antidepressant treatment therefore prevents 5-HT R activation from
potentiating TA-CA1 synapses, an effect that is directly opposite to
the enhancement of 5-HT;gR-induced potentiation seen after CUS.
Finally, we observed that restoration of normal sucrose preference
and novelty suppressed feeding behaviors in rats subjected to CUS for
3 weeks, followed by an additional 3 weeks of CUS and fluoxetine
administration (Supplementary Fig. 5a,b), was accompanied by
restoration of normal magnitude, reversible potentiation of TA-CA1
synapses in response to anpirtoline (Fig. 6d). A brief period of fluoxetine
administration (36 h), in contrast, failed to restore either sucrose pref-
erence or the reversible anpirtoline response (Supplementary Fig. 6).
Thus, the response of TA-CA1 synapses to 5-HTgR activation cor-
relates with the affective state of the rats under several conditions.

Potentiation required for antidepressant action

Is the 5-HTgR-dependent potentiation of excitatory synaptic trans-
mission observed in brain slices in response to acute elevation of
serotonin involved in the action of chronically administered SSRIs
in assays of antidepressant response? The sucrose preference test was
chosen as a behavioral endpoint because of its predictive validity. To
answer this question, we first used a pharmacological approach in
C57BL6j mice subjected to the social defeat stress (SDS) model of
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depression?® (Fig. 7a). Sucrose preference was high in control mice,
and remained high in the absence of SDS, but became decreased after
1 week of SDS and remained low during succeeding weeks of SDS.
Administration of fluoxetine via the drinking water restored a high
level of sucrose preference to SDS mice after 1 week. Administration
of the 5-HT 3R antagonist SB224289 (4 mg 171)40 had no effect on
the high sucrose preference of naive mice, but prevented the increase
in sucrose preference produced by chronic fluoxetine administration
in mice that had lost their sucrose preference after SDS. Similarly,
naive Htr1b~/~ mice had a high sucrose preference?! that was lost
after 3-5 weeks of CUS (Fig. 7b). Sucrose preference was restored
by 3 weeks of fluoxetine administration in wild-type Sv129Imj
mice subjected to CUS, but not in Htrl b=/~ mice. We conclude that
5-HT;gR activation is necessary for the efficacy of SSRIs in this
behavioral test, consistent with previous evidence that acute acti-
vation of 5-HT,gRs is sufficient for an antidepressant-like effect of
SSRIs in the forced swim test*2.

Is 5-HT gR-mediated potentiation of AMPARs also required?
GluAl S831A mice displayed a low preference for 1% sucrose dur-
ing the baseline period (Fig. 7c). Administration of fluoxetine for
3 weeks failed to induce an increase in preference for 1% sucrose
in GluA1 S831A mice, but did restore sucrose preference in wild-
type C57BL6j mice that had lost their sucrose preference after CUS.
In contrast, GluA1l S831A mice did respond to acute imipramine
administration in the tail suspension test (Fig. 7d), indicating that
serotonin uptake remains sensitive to inhibition by tricyclics in these
mice and highlighting the importance of serotonin-induced plasticity
of glutamatergic transmission in the ability of antidepressants to
reverse anhedonia. The lack of preference for 1% sucrose in naive
GluA1 S831A mice suggested that they might have a depressive-like
phenotype. We therefore compared novelty suppressed feeding in
these mice with their wild-type controls (Fig. 7e). The GluA1 S831A
mice required almost twice as long as wild-type C57BL6j mice to begin
eating food in the brightly lit, novel arena, consistent with behavioral
changes induced in several animal models of depression3®. They also
displayed a hypo-locomotor phenotype in the open field test, without
evidence of anxiety (Fig. 7e).

Taken together, our data suggest that 5-HTgR activation and sub-
sequent phosphorylation of GluAl receptors by CaMK is required
for the ability of chronically administered SSRIs and tricyclic antide-
pressants to reverse anhedonia in these assays. Because the sucrose
preference test does not depend on the hippocampus, these results
support the conclusion that serotonin-induced potentiation of excita-
tory synaptic transmission occurs in multiple brain regions involved
in hedonic behaviors.

DISCUSSION

We observed that SSRIs, tricyclic antidepressants, agonists of
5-HTgRs and conventional LTP all potentiate excitatory synaptic
transmission at TA-CA1 synapses and occlude each other, suggesting
that the molecular events triggered by serotonin and conventional
antidepressants overlap with those underlying activity-dependent syn-
aptic plasticity to a notable degree®. Activation of 5-HTgRs enhanced
AMPAR-mediated synaptic excitation by activating CaMK and caus-
ing phosphorylation of GluAl at serine 831. We also observed that
long-term memory consolidation, which depends on intact TA-CA1
synaptic circuits!?32, was enhanced by inhibiting 5-HTgRs. We sug-
gest that release of endogenous serotonin and activation of 5-HT;gRs
occurs during memory consolidation, after learning has taken place,
and influences the ability of TA-CA1 synapses to participate in the
consolidation process. Unlike LTP, 5-HT gR-mediated potentiation

was reversed rapidly after withdrawal of agonist. Given the similarity
of the biochemical pathways, this difference is surprising and can-
not be readily explained. Induction of LTP requires CaMK activity,
whereas maintenance of LTP does not*3. It therefore appears that LTP
induction is accompanied by recruitment of some additional signal-
ing process(es) that are not recruited by 5-HT,gR activation. A better
understanding of the second-messenger pathways downstream of this
form of potentiation may reveal key biochemical steps distinguishing
the induction of potentiation, which seems to occur via a common
mechanism in both forms of potentiation, from the maintenance of
potentiation, which only occurs after induction of LTP.

TA-CAl synapses were potentiated by serotonin, but nearby
SC-CAL synapses were not. The signaling processes underlying this
phenomenon must therefore be highly localized in postsynaptic CA1l
cell dendrites. Serotonin release can be predicted to change the flow of
information through the hippocampal circuitry, favoring the so-called
direct pathway at the expense of the indirect pathway. Regulating
information flow through a neural circuit is a unique mechanism of
action for neuromodulatory transmitters and may be generally appli-
cable in other brain regions. Conversely, a dysregulation of informa-
tion flow as a result of altered serotonin receptor signaling or altered
regulation of excitatory synapses may contribute to the cognitive
dysfunction of depression.

Animals subjected to chronic stress exhibit elevated glucocorticoid
levels, and elevated glucocorticoid levels damage neuronal structure
and function in the hippocampus*, including impairing Schaffer
collateral LTP%5. We observed that serotonin-induced potentiation
of TA-CA1 synapses was altered in two distinct ways in chronically
stressed rats: the potentiation was increased in magnitude and became
irreversible. We do not yet know the explanation for these changes.
A decrease in initial synaptic strength® could potentially account for the
increase in the magnitude of the potentiation, but the persistence of the
potentiation in CUS mice was independent of its magnitude (Fig. 6).
Chronic antidepressant administration in naive mice decreased the
potentiation and restoration of sucrose preference in CUS mice treated
chronically with antidepressants was accompanied by a restoration
of the normal transient potentiation. Short-term administration of
antidepressants had no effect on serotonin-induced potentiation
in either naive or CUS mice. The response of TA-CA1 synapses to
5-HT;gR activation correlates well with the affective state of the ani-
mals under five experimental conditions, and therefore represents a
unique endophenotype of this model of depression.

There is increasing evidence that excitatory synapses are altered
in models of depression*?. Depression of AMPAR-mediated excita-
tion of neurons in the reward circuitry of the NAc is required for
the genesis of some depressive-like behaviors after chronic restraint
stress, including anhedonia in the sucrose preference test!?. The
source of the inputs that become depressed was not identified, but
the NAc receives prominent projections from the hippocampus and
frontal cortex. The serotonin-mediated plasticity that we observed
may act to counteract this depression of NAc excitatory synapses in
two ways. First, serotonin-induced potentiation of TA-CA1 synapses
increased hippocampal action potential discharge (Supplementary
Fig. 3b), and should increase the excitatory drive onto NAc cells and
promote de-depression of NAc inputs, thereby acting to reverse anhe-
donia and restore the rewarding values of peripheral stimuli, such as
sucrose. Consistent with this suggestion, activation of hippocampal
5-HT,gRs has been shown to increase dopamine levels in the NAc#®,
and increased dopamine alleviates depressive-like behaviors*”. The
enhanced and persistent action of serotonin in the CUS mice (Fig. 6)
may be interpreted not only as a unique stress-induced form of
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plasticity of excitatory synapses, but also as a potential compensa-
tory response, acting to promote the de-depression of hippocampal-
NAc inputs. Second, medium spiny cells in the NAc express high
levels of Hrt1b mRNA. If the plasticity that we observed also occurs
in NAc D1-expressing neurons, then direct potentiation of excitatory
synapses should counteract stress-induced depression of excitatory
synapses!?. Consistent with this possibility, we observed a 5-HT R~
induced activation of CaMK and phosphorylation of S831 of GluA1
receptors in the NAc.

Our results link antidepressant-induced elevation of serotonin to
functional potentiation of excitatory synapses in vivo for the first
time, to the best of our knowledge. We found that pharmacological
inhibition or genetic deletion of 5-HTgRs prevented the ability of
chronically administered fluoxetine to restore sucrose preference in
two chronic stress models. Furthermore, sucrose preference was low
in GluA1 S831A mice and was not increased by 3 weeks of fluoxetine
administration. We therefore suggest that conventional antidepres-
sants exert at least some of their therapeutic actions by promoting
on-going serotonin-induced, 5-HTgR-mediated potentiation of
excitatory synaptic transmission. It is noteworthy that acute applica-
tion of SSRIs produced a rapid potentiation of excitatory synaptic
transmission in brain slices, whereas the therapeutic action of SSRIs
in depressed humans and in animal models of depression requires
several weeks. We do not yet have an explanation, but suggest that
induction of potentiation is a critical first step that improves affective
state by promoting action potential firing, which subsequently trig-
gers other slower, synergistic, activity-dependent processes!, such as
growth factor signaling, neurogenesis and changes in gene expression.
Repeated bouts of potentiation may be required to produce lasting
changes, as has been observed with deep brain stimulation and elec-
troconvulsive therapy.

Given the plethora of behavioral changes that define depression,
it is unlikely that there is one specific brain region that would be
critical to the ability of antidepressants to restore these functions.
The plasticity that we observed for TA-CA1 synapses is attractive as
a potential explanation for some of serotonin’s therapeutic actions
because it is generalizable: similar to LTP for learning and memory,
this form of plasticity may, in principle, take place at any excitatory
synapse at which 5-HTgRs are expressed and thereby re-normalize
activity in almost any region in the depressed brain. This is in contrast
with the well-documented ability of serotonin to promote dentate
gyrus neurogenesis, which does not occur in any other brain region.
The TA-CAL1 synapse serves as a useful archetype to study the actions
of serotonin on excitatory synaptic transmission and the correlates of
a depression-like state.

Elevating monoamine levels improves the affective state of depressed
patients, which led to the serotonin hypothesis of depression?, but the
evidence of a deficiency in serotonin synthesis or release in depression
is modest. Instead, our results suggest an excitatory synapse hypo-
thesis of depression. We postulate that changes in excitatory synapses
are fundamental to the genesis of depression and that their restoration
is critical to the relief of depression. We found that induction of serot-
onin-mediated potentiation was abnormally enhanced and prolonged
after CUS and that GluA1 S831A mice, similar to Grial~~ mice®,
displayed a depressive-like phenotype. Similarly, glutamate recep-
tor expression is decreased® and excitatory synaptic transmission is
depressed!? in other systems after repeated stress. Serotonin-mediated
potentiation would be predicted to restore the normal strength of
synapses weakened by chronic stress. Indeed, we observed that
5-HT;gR activation and GluA1 phosphorylation at S831 were neces-
sary for fluoxetine to restore sucrose preference in chronically stressed
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animals, suggesting that this action may be critical to the therapeutic
efficacy of SSRIs. It is noteworthy that these effects of conventional,
slow-acting antidepressants, such as SSRIs and tricyclics, are shared by
newly identified, fast-acting antidepressants. For example, ketamine
potentiates excitatory synapses in hippocampal slices and its imme-
diately effective therapeutic actions have been attributed to enhanced
activation of glutamatergic circuits*®. Potentiation of excitatory syn-
aptic transmission by serotonin in multiple brain regions involved
in cognitive function, and its bidirectional alteration by stress and
chronic antidepressants, provides a link between the pathology of
depression and its treatment, and represents a new perspective on
depression and antidepressant action.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
All protocols were approved by the University of Maryland School of Medicine and
St. Mary’s College of Maryland Institutional Animal Care and Use Committees.

Acute slice electrophysiology. Hippocampal slices were prepared from
3-6-week-old male Sprague-Dawley rats or mice (C57BL6j or Sv129Imj, as
described). Dissection was done in ice-cold artificial cerebrospinal fluid
(ACSF; 124 mM NaCl, 3 mM KCl, 1.25 mM NaH,POy, 1.5 mM MgCl,, 2.5 mM
CaCl,, 26 mM NaHCOj3; and 10 mM glucose) bubbled with 95% O,/5% CO,.
Brain slices (400 uM) were cut on a vibratome and kept in a holding chamber
at 20-22 °C at the interface of ACSF and humidified 95% O,/5% CO, for >1 h.
The slices were then transferred to a submersion-type recording chamber and
perfused at 20-22 °C with ACSF (flow rate = 1-2 ml min~!). Picrotoxin
(0.1 mM) and CGP52432 (2 uM) were included to block GABA, and GABAg
receptors. Area CA3 and the dentate gyrus were cut from the slice to prevent
spontaneous epileptiform discharge (Supplementary Fig. 1a). Concentric
bipolar tungsten electrodes were placed either in SLM to stimulate tempo-
roammonic afferents or in stratum radiatum to stimulate Schaffer collateral
afferents (Supplementary Fig. 1a). Extracellular recording pipettes were filled
with ACSF (3-5 MQ) and placed 100-150 pum from the stimulating electrodes.
Stimuli (100-pus duration) were delivered at 0.05 Hz. The stimulus intensity
was set at 150% of threshold intensity, resulting in a fEPSP of 0.1-0.2 mV. All
compounds were applied by perfusion. fEPSPs were recorded using Axoclamp
2B (Molecular Devices) or n.p.i. (NPI) amplifiers, filtered at 10 kHz, and
amplified 100x before digitization. Whole-cell intracellular recordings were
obtained with patch pipettes (tip resistances = 3-6 MQ) filled with 135 mM
cesium or potassium methanesulphate (for voltage- or current-clamp recording,
respectively), 10 mM HEPES, 10 mM NaCl, 1 mM MgCl,, 0.1 mM K,BAPTA,
2 mM Mg?*-ATP and 10 mM phosphocreatine (adjusted to pH 7.3 with KOH).
All experiments were performed at 20-22 °C. Whole-cell recordings were made
from cell bodies and were made blind.

Photolysis. As described previously?3, an argon ion laser fitted with ultravio-
let optics was used to produce a continuous 300-mW beam of ultraviolet light
at the 355- and 361-nm lines. The light was focused into a 25-um multimode
quartz fiber and delivered to the preparation via a dichroic mirror, so as to per-
mit simultaneous wide-field excitation with an HBO lamp. Laser flash duration
was controlled by a high-speed electromechanical shutter. The proximal end of
the fiber was focused via a relay lens assembly in a conjugate image plane with
respect to the cell and positioned with micromanipulators near the center of
the field of view through the 60x (1.0 N.A.) water-immersion objective of an
upright microscope (Nikon). The location and focus of the ultraviolet spot in
the tissue was determined from excitation of a dye-filled dendritic shaft by an
attenuated beam. Intracellular Alexa 568 fluorescence was imaged with a CCD
camera (Hamamatsu Orca ER 11, effective pixel size = 0.108 jtm?) controlled by
Simple PCI software (Compix). Caged glutamate (0.5 mM N-Ncm-Glu) and the
antioxidant Trolox (0.1 mM) were added via perfusion.

Western blotting. Protein expression was quantified using western blotting. Area
SLM or stratum radiatum tissue wedges were dissected from hippocampal slices
(3-4) under ice-cold saline, pooled, and homogenized in ice-cold lysis solution
containing phosphatase and protease inhibitors (PPI, Sigma) and sample buffer
(Laemmli, Sigma), boiled, and loaded into 4-12% Bis-Tris gel (Invitrogen). After
running in 1x NuPage MOPS SDS buffer, the gel was transferred onto polyvinyli-
dene difluororide membranes in 1x Nupage transfer buffer (in 10% methanol,
wt/vol). The membrane was blocked with 5% nonfat dry milk (wt/vol) in buffer
containing 1 M Tris-buffered saline and 0.05% Tween (wt/vol), and probed
with antibodies to Ser845-phosphorylated GluA1 (1:1,000, Millipore AB5849),
Ser831-phosphorylated GluA1 (1:1,000, Sigma A4352) and Thr286-phospho-
rylated CaMKII (1:5,000, Cell Signaling Technology #3361) at 4 °C overnight.
After rinses in TBS-Tween, the membrane was incubated for 1 h at 20-22 °C in
horseradish peroxidase-conjugated goat antibody to rabbit IgG (1:1,000, Cell
Signaling Technology #7074). The immunoblot was developed with enhanced
chemiluminescence (Amersham). Membranes were then stripped, blocked and
reprobed with antibodies to GluA1 (0.5 ig ml~!, Thermo Scientific PA1-37776),
CaMKII (1:2,000, Cell Signaling Technology #3362) or B-actin (1:2,000,

Cell Signaling Technology #4967). Levels of phosphorylation, expressed as the
ratio of phospho-specific intensity divided by total protein intensity and com-
puted with Image], were used for statistical analysis. For display purposes, blots
were cropped (see Supplementary Fig. 7) and brightness and contrast were
adjusted globally using Photoshop.

Serotonin depletion. Rats were given two injections of the tryptophan hydrox-
ylase inhibitor p-chlorophenylalanine (300 mg per kg, intraperitoneal, 24 h
apart)? before preparing slices for electrophysiological recording. Tissue from
the same animals was fixed, mounted in gelatin, sectioned at 50 wm, and stained
with a polyclonal antibody to serotonin (1:1,000, Millipore AB125), followed by
labeling with a secondary antibody conjugated with the fluorophore Cy2 and
epifluorescence microscopy.

CUS procedure. Adult male Sprague-Dawley rats (3-4 weeks old) were randomly
divided into control and CUS groups. CUS rats were treated as follows: day 1, cage
rotation (3 h), forced swim (5 min), food deprivation (16 h); day 2, strobe light
(30 min), restraint (30 min), food and water deprivation (16 h); day 3, strobe
light (30 min), social isolation (16 h); day 4, strobe light (30 min), restraint
(30 min); day 5, cage rotation (3 h), water deprivation (16 h); day 6, restraint
(3 h), social isolation (16 h); day 7, cage rotation (3 h), restraint (30 min). The
cycle was repeated over 3-5 weeks. Electrophysiological experiments were then
performed and analyzed with the experimenter blinded to the experimental
condition of the rats.

SDS procedure. Individual male test mice (>4 weeks old) were introduced into
the home cage of an unfamiliar resident mouse for 5 min and observed to ensure
that they were physically attacked and defeated, as indicated by freezing behavior
and submissive posture. Resident mice were CD1 breeders selected for short
attack latencies. After 5 min of physical interaction, the test mouse was kept
for 1 h in the resident’s cage while being separated by a perforated screen that
protected the test mouse from physical contact, but permitted olfactory, visual
and auditory contact. The SDS protocol was maintained for 5 weeks. To avoid
individual differences in intensity of defeat, the test animals were confronted with
a different resident each day.

Sucrose preference. After 3 h of water deprivation, rats were given a choice
between two bottles for 3-4 h, one with 1% sucrose solution (wt/vol) and another
with normal drinking water. To prevent the possible effects of side preference in
drinking, the position of the bottles was reversed after 2 h. Mice were tested over
12 h (6 h light/6 h dark) with bottle positions switched after 6 h. The consump-
tion of water and sucrose were measured by weighing the bottles. Preference for
sucrose was calculated as a percentage of consumed sucose-containing solution
relative to the total amount of liquid intake. 50% means that they drank equally
from both bottles, that is, they had no preference for sucrose. Naive rats were
tested repeatedly in group housing until the cage had a consistent preference for
1% sucrose, but were always tested individually thereafter. For experiments with
only wild-type rats, any individual that did not demonstrate a sucrose preference
>65% was discarded. In some experiments, rats were first trained to the task
using 2% sucrose. Tests were repeated once per week during the course of CUS
or antidepressant administration.

Novelty supressed feeding. Novelty suppressed feeding tests were performed as
previously®0. The test apparatus was a brightly lit arena (60 x 60 x 35 cm for rats,
50 x 40 x 25 cm for mice) with a solid floor placed in a dimly lit room. The floor
of the box was covered with a layer of bedding. Two laboratory chow pellets were
placed on a white paper circle platform positioned in the center of the box. Rats
that had been food deprived for 24 h, and mice that were food deprived for 3 h,
were gently placed in a corner of the arena. The latency to begin eating, defined
as active chewing of the pellet, was recorded. A maximum time allowance was
setat 600 s. Immediately after the test, animals were returned to their home cage
and allowed to feed for 5 min. Food pellets were weighed before and after the
5 min, and the amount of food consumed was calculated. Rats that ate less than
0.3 g of food in this 5-min period were removed from all analyses to ensure that
only sufficiently hungry animals were included. Similarly, mice that failed to
actively chew on a pellet were not included.
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Open field test. Mice were placed in a 60 x 60 x 35 cm plexiglass box for 5 min.
The box was divided into 12 squares using tape on the bottom of the box. Mice
were video recorded and a blinded experimenter calculated the time spent in
center two squares and the number of line crossings for each animal.

Tail suspension test. Mice were intraperitoneally injected with saline or 30 mg
per kg of imipramine 30 min before testing. Each mouse was taped to a wooden
horizontal bar 2 inches from the base of its tail. A blinded experimenter recorded
the amount of time spent immobile for a 6-min period.

Antidepressant treatment. Animals were given antidepressants via their drink-
ing water to minimize stress (imipramine, 100 mg I-1; fluoxetine, 80 mg I1).
Animals were housed singly and drinking water was changed every 3 d. Animals
were given antidepressants continually for 3-4 weeks. Control animals received
water only. Experiments were then performed and analyzed with the experi-
menter blinded to the experimental condition of the animals.

Data analysis. Experiments were performed with the investigators blinded to
the genotype of the animals or the identity of the substance being applied when-
ever possible. The blind was not broken until data analysis was complete. For
quantification of anpirtoline and antidepressant actions in electrophysiological
experiments, fEPSP or EPSC slope values were averaged and quantified over a
3-min period preceding application of the substance (control) and a 3-min period
at the end of the substance application (effect).

Memory consolidation. 16 male 70-80-d-old Sprague Dawley rats were housed
two per cage in a temperature-controlled room. Rats were kept ona 12 h:12 h
light-dark schedule and all testing was done during the light phase. All rats
were handled for approximately 5 min d! for the 4 d before testing. The rats
were given unlimited access to food and water throughout the testing periods.
The water maze (139.7 cm in diameter) was filled with black-colored water
created with non-toxic black paint. During training, a clear Plexiglas platform
(10.16 cm in diameter) was submerged 0.5 cm below the water surface. Three
black and white geometric spatial cues were placed around the maze and remained
in a fixed location throughout training and testing.

Each rat was randomly assigned a quadrant (NW, NE, SE, SW) in which the
platform would always be located. As described previously'?, rats were then given
ten training blocks in the water maze across 6 d. Days 1 and 6 contained one train-
ing block. Days 2-5 contained two training blocks separated by a minimum of
2 h. Each training block consisted of four training trials in which the animal was
placed in a random starting location in the pool (NW, NE, SE, SW) and given
120 s to swim to the platform. The animal was allowed to remain on the platform
for 30 s. If the rat did not reach the platform in 120 s, it was guided to the platform
and left to sit on the platform for 30 s. Animals were given a 2-min intertrial
interval. Two probes tests were conducted in which the platform was removed,
animals were placed in a random starting location and were then allowed to swim
in the maze for 60 s. One probe test was given 24 h after the completion of the
final training block. The second probe was given 28 d after the original probe
trial. Latency to the target, distance to target, time spent in the target quadrant
and swim speed were recorded by HVS Image software.

Following completion of the first probe test, animals were treated with either
SB216641 (Tocris) or 0.9% physiological saline (wt/vol) for 14 consecutive
days. Intraperitoneal injections of SB216641 (4 mg per kg, 4 mg ml~!) or saline
were given at the same time each day immediately after light onset in the
housing room.

The animals did not differ in performance during the original training blocks.
A 2 x 2 mixed ANOVA (Block x Group) was used to examine performance on
the original and final training block. The escape latency decreased significantly
from block 1 (mean = 44.34, s.e.m. = 3.1) to block 10 (mean = 8.1, s.e.m. = 0.9)
(Fy,13=107.4, P<0.001). There was no difference between untreated (mean = 26.4,
s.e.m.=2.1) and future SB216641-treated (mean = 26.0,s.e.m. = 2.1) animals (F; ;3=
0.02, P > 0.05). There was no interaction (F; ;3 = 0.36, P> 0.05).

Examination of performance on the probe trial given 24 h after the final train-
ing block also showed no group differences. There was no difference in the per-
centage of time spent in the target quadrant (t4 = 0.91, P> 0.05). There was no
difference in path taken to the target area (¢4 = 0.46, P > 0.05). There was no

difference in latency to the target area (¢4 = 0.3, P > 0.05) and no difference in
swim speed between the animals (t4 = 0.51, P > 0.05).

The animals were tested for consolidation of original training 28 d after the
end of training in the water maze. Animals treated with SB216641 demonstrated
significantly improved retention of spatial information. During the probe trial,
animals treated with SB216641 (mean = 42.66, s.e.m. = 3.4) spent an increased
percentage of time in the target quadrant compared with the untreated animals
(mean = 3241, s.em. = 3.69) (t;4 = 2.04, P = 0.06). Animals treated with
SB216641 (mean = 1.77, s.e.m. = 0.42) used a shorter path to the target area
than the untreated animals (mean = 4.05, s.e.m. = 0.82) (t;4 = 2.48, P = 0.27).
The SB216641-treated animals (mean = 11.11, s.e.m. = 2.06) also demonstrated
a significantly shorter latency to the target area than the untreated animals
(mean = 26.26, s.e.m. = 5.89) (t;4 = 2.41, P = 0.03). There were no differences
in swim speed between the two groups (t;4 = 0.5, P > 0.05).

Therapeutic actions of 5-HT;gRs. SB224289 was used as the 5HT gR antagonist
and was given to mice via drinking water. SB224289 was administered at 4 mg 1.
Water levels were checked daily to ensure each mouse was receiving the intended
SB224289 dose throughout the allotted period.

Preference for sucrose was analyzed in the experiments shown in Figure 7a
by a5 x 5 mixed ANOVA (time x group). There was a significant effect of time
(F4,100 =9-33, P<0.001) as the overall sucrose preference decreased across weeks.
There was a significant effect of group (Fy »5 = 47.3, P < 0.001) and there was a
significant interaction between time and group (Fy6 199 = 2.99, P < 0.001). Each
time point was then analyzed by a between-subjects one-way ANOVA. There
were no differences between the groups in sucrose preference at week 1 (baseline)
(Fy3,=2.26,P>0.05).

The groups were significantly different in sucrose preference levels at week
2 (Fy3; = 9.2, P <0.001). At week 2, all socially defeated animals (SDS, SDS +
fluoxetine, fluoxetine + SB224289) had a significantly lower sucrose preference
than both control groups as measured by independent ¢ tests (all P’s < 0.003).
This pattern remained at week 3, as the overall groups were significantly different
(Fyp6=36.2, P <0.001) and all socially defeated animals had significantly lower
sucrose preferences than the controls (all P’s < 0.001).

At week 4, the groups were significantly different (Fy,¢ = 6.78, P = 0.001).
Independent # tests indicated that the control animals had a significantly higher
sucrose preference than the SDS group (f3 = 9.95, P < 0.001) and a significantly
higher sucrose preference than the SB224289 + fluoxetine group (¢, =2.5, P=0.03).
The SB224289 group had a significantly higher sucrose preference than the SDS
group (g = 4.57, P = 0.002). However, the SDS + fluoxetine group had a signifi-
cantly higher sucrose preference than the SDS group (o = 5.6, P < 0.001), but was
not different than the SB224289 + fluoxetine group (¢35 = 1.889, P = 0.081).

Groups differed in overall sucrose preference at week 5 (Fy 55 = 6.9, P=0.001).
The control animals had a significantly higher sucrose preference than the SDS
group (tg = 5.02, P = 0.001) and the SB224289 + fluoxetine group (¢, = 4.19,
P =0.002). The SB224289 group had a significantly higher sucrose preference
than SB224289 + fluoxetine group (¢;; = 2.77, P = 0.018), but was not different
from the SDS group (tg = 2.09, P = 0.07). The SDS + fluoxetine group had a
significantly higher sucrose preference than the SDS group (ty = 3.34, P = 0.009)
and the SB224289 + fluoxetine group (t;, = 3.28, P = 0.007).

Finally, dependent ¢ tests indicated that sucrose preference significantly
increased in the SDS + fluoxetine group from week 3 to week 4 (t5 = 4.28,
P = 0.005) and remained higher at week 5 compared to week 3 (tg = 3.11,
P = 0.02). However, no increase in sucrose preference was seen in the SB +
fluoxetine animals between week 3 and 4 (¢, = 1.77, P = 0.12) or between week 3
and week 5 (5= 1.7, P=0.15).

In the experiment with Htr1b~~ mice (Fig. 7b), two-factor ANOVA revealed
a significant effect of genotype (F; 1, = 2.965, P = 0.111) and condition (F, 54 =
12.594, P < 0.001), and an interaction between genotype and condition (F, 54 =
8.090, P=0.002). In the experiment with GluA1 S831A mice (Fig. 7¢), there was a
significant effect of condition in the control mice by repeated-measures ANOVA
(Fy,10 = 8.67, P < 0.01). Finally, a one-way ANOVA revealed a significant group
effect in the tail suspension test (F5 ;3 = 7.70, P = 0.001; Fig. 7d).

50. Santarelli, L. et al. Requirement of hippocampal neurogenesis for the behavioral
effects of antidepressants. Science 301, 805-809 (2003).
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