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Abstract
Both the function of hippocampal neurons and hippocampus-dependent behaviors are dependent on changes in
gene expression, but the specific mechanisms that regulate gene expression in hippocampus are not yet fully
understood. The stable, activity-dependent transcription factor �FosB plays a role in various forms of
hippocampal-dependent learning and in the structural plasticity of synapses onto CA1 neurons. The authors
examined the consequences of viral-mediated overexpression or inhibition of �FosB on the function of adult
mouse hippocampal CA1 neurons using ex vivo slice whole-cell physiology. We found that the overexpression of
�FosB decreased the excitability of CA1 pyramidal neurons, while inhibition increased excitability. Interestingly,
these manipulations did not affect resting membrane potential or spike frequency adaptation, but �FosB
overexpression reduced hyperpolarization-activated current. Both �FosB overexpression and inhibition de-
creased spontaneous excitatory postsynaptic currents, while only �FosB inhibition affected the AMPA/NMDA
ratio, which was mediated by decreased NMDA receptor current, suggesting complex effects on synaptic inputs
to CA1 that may be driven by homeostatic cell-autonomous or network-driven adaptations to the changes in CA1
cell excitability. Because �FosB is induced in hippocampus by drugs of abuse, stress, or antidepressant
treatment, these results suggest that �FosB-driven changes in hippocampal cell excitability may be critical for
learning and, in maladaptive states, are key drivers of aberrant hippocampal function in diseases such as
addiction and depression.
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Introduction
Memory consolidation is indispensable to mammalian

survival, and disruption of memory underlies numerous
aberrant clinical conditions including neurodegenerative

disorders, psychiatric disease, and neurodevelopmental
impairments. The formation and retrieval of memories
rely on changes in gene expression, and activity-
dependent gene transcription in the hippocampus (HPC),

Received March 19, 2018; accepted July 13, 2018; First published July 23,
2018.
The authors declare no competing financial interests.

Author contributions: A.L.E., J.A.B., C.L.C., and A.J.R. designed research;
A.L.E., E.S.W., and J.A.B. performed research; A.L.E. and E.S.W. analyzed
data; A.L.E., E.S.W., and A.J.R. wrote the paper.

Significance Statement

Memory consolidation is a key component of adaptive learned behavior, which can be disrupted in
psychiatric conditions, and regulated gene expression in hippocampus is critical for learning and memory.
�FosB is a highly stable, activity-dependent transcription factor that regulates hippocampus-dependent
memory, yet its specific role in hippocampal neuronal function is unclear. The authors use whole-cell slice
electrophysiology to uncover a novel role for �FosB in regulating neuronal excitability in the CA1 region of
hippocampus. These findings suggest that �FosB-driven changes in gene expression drive the intrinsic
excitability of hippocampal CA1 pyramidal neurons, potentially regulating learning, antidepressant re-
sponses, and psychiatric diseases such as drug addiction and depression.
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in particular, is necessary for long-term memory consoli-
dation and normal HPC function (Alberini and Kandel,
2014; Eagle et al., 2016). Transcription underlies durable
modifications in HPC neuronal physiology, including syn-
aptic and nonsynaptic plasticity (Guzman-Karlsson et al.,
2014), and it is well established that pharmacological
blockade of transcription impairs long-term plasticity and
memory consolidation (Squire and Barondes, 1970; Frey
et al., 1996; Lee et al., 2004). Given that this process is
important for HPC function and learning, it is critical that
we fully delineate the mechanism by which activity-
dependent changes in gene transcription drive altered
neuronal physiology.

�FosB is a unique activity-dependent transcription fac-
tor that is remarkably stable, with a half-life of up to 8 d in
the brain (Carle et al., 2007; Ulery-Reynolds et al., 2009;
Cates et al., 2014), thereby making it an interesting can-
didate for regulation of gene transcription in long-lasting
processes such as memory consolidation. Hippocampal
�FosB is important for learning and CA1 neuron structural
plasticity (Eagle et al., 2015; Corbett et al., 2017). �FosB
is induced specifically in dorsal HPC (dHPC) CA1 pyrami-
dal neurons during spatial learning, and its transcriptional
activity in those cells is crucial for multiple HPC-
dependent forms of learning and memory. However, the
physiologic mechanism by which �FosB regulates hip-
pocampal neuronal function remains unknown.

�FosB differentially regulates synaptic strength in do-
pamine D1 and D2 receptors expressing medium spiny
neurons (MSNs) of the nucleus accumbens (NAc) in a
subregion-specific manner (Grueter et al., 2013). These
findings suggest that �FosB induces cell type-specific
plasticity in NAc and that this may provide a novel target
for the treatment of addiction and depression. �FosB in
prefrontal cortex may also regulate projection-specific cell
function, and this may underlie depressive and/or post-
traumatic stress disorder phenotypes (Vialou et al., 2014).
Because its role in HPC cell function remains unknown,
we investigated the role of �FosB in membrane proper-
ties, excitability, and synaptic function in dHPC neurons.
We used viral-mediated gene transfer to overexpress
�FosB or silence its transcriptional activity specifically in
dorsal CA1 neurons in vivo and examined cell properties
ex vivo using slice whole-cell electrophysiology. We re-
port here that �FosB reduces neuronal excitability in CA1
neurons of the dHPC.

Materials and Methods
Animals

This study followed guidelines described in the Guide
for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources (U.S.), 2011). All animal
procedures were performed in accordance with the reg-
ulations of the Michigan State University animal care com-
mittee. Adult male C57BL/6J mice (https://www.jax.org/
strain/000664), 7–9 weeks of age, were group housed (n
� 4–5/cage) in a vivarium and kept at 20–23°C under a 12
h light/dark cycle with ad libitum access to food and
water.

Viruses and surgery
Mice received viral infusions into the dHPC. Stereotaxic

surgery was performed to inject herpes simplex virus
(HSV) vectors into bilateral dHPC, as follows: 7° angle;
�2.2 mm anteroposterior, �2.0 mm ML, �2.0 and �1.8
mm DV (0.3 �l of purified virus was infused at each DV site
at a rate of 0.1 �l/min). HSV expressing GFP, �FosB �
GFP, or �JunD � GFP driven by the cytomegalovirus
promoter were obtained from the Massachusetts Institute
of Technology Viral Core Facility [now moved to Massa-
chusetts General Hospital (https://researchcores.partner-
s.org/mvvc/about)]. The approximate titer for all viruses
used was �1.0 � 109 virions/ml.

Slice preparation
All solutions were bubbled with 95% O2-5% CO2

throughout the procedure. Mice were anesthetized with
isoflurane and transcardially perfused with sucrose artifi-
cial CSF (aCSF; in mM: 234 sucrose, 2.5 KCl, 1.25
NaH2PO4, 10 MgSO4, 0.5 CaCl, 26 NaHCO3, and 11
glucose). Brains were rapidly removed, blocked, and
placed in cold sucrose aCSF. Coronal sections (250 �M)
containing dHPC were cut on a vibratome (Leica) and
transferred to an incubation chamber containing aCSF (in
mM: 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl, 2 CaCl, 26
NaHCO3, and 10 glucose) held at 34°C for 30 min before
moving to aCSF at room temperature until used for re-
cordings. Recordings were made from a submersion
chamber perfused with aCSF (2 ml/min) held at 32°C.

Electrophysiology
Borosilicate glass electrodes (3–6 M	) were filled with

K-gluconate internal solution (in mM: 115 potassium glu-
conate, 20 KCl, 1.5 MgCl, 10 phosphocreatine-Tris, 2
MgATP, and 0.5 Na3GTP; pH 7.2–7.4, 280–285 mOsm).
GFP-positive cells in the dorsal CA1 region of HPC were
visualized using an upright microscope (Olympus) using
infrared and epifluorescent illumination. CA1 pyramidal
cells were distinguished by location in the cell body layer
and individual cell morphology. Whole-cell patch-clamp
recordings were made from transfected cells using a
Multiclamp 700B amplifier and a Digidata 1440A digitizer
(Molecular Devices), and whole-cell junction potential was
not corrected. Traces were sampled (10 kHz), filtered (10
kHz), and digitally stored. Cells with membrane potential
more positive than �50 mV or series resistance of 
20
M	 were omitted from analysis. Series resistance was
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measured as the sum of the access resistance (M	) and
the tip resistance (M	).

Membrane capacitance, membrane resistance, and ac-
cess resistance were measured according to the pClamp
10 manual (Molecular Devices). Briefly, the membrane
capacitance, membrane resistance, and access resis-
tance were determined by fitting the transient portion of
the current response in the pClamp membrane test to an
exponential function. Integrating this function yielded the
area under the curve of the current response, and its
components were automatically analyzed to determine
the above membrane parameters. Input resistance was
measured in Clampfit (Molecular Devices) from a current
clamp input–output curve as the slope of the line fitted to
the voltages recorded at increasing current injections (first
voltage, �120 mV). Resting membrane potential (in mV)
was read using the Multiclamp 700B Commander (Molec-
ular Devices) while injecting no current (I � 0) immediately
after breaking into a cell to avoid the error generated by
the voltage drop across the resistance of the recording
electrode during current injection. Bridge-balance com-
pensation was not used in the above determination of
membrane parameters.

Rheobase was measured by giving brief (250 ms) de-
polarizing (5 pA) steps with 250 ms between steps. The
elicited action potential (AP) number was measured by
issuing increasing depolarizing steps (25–300 pA, 500 ms)
with 500 ms in between steps. For measures of
hyperpolarization-activated cation current (Ih), hyperpolar-
izing steps (500 ms) that produced potentials at �130 to
�50 mV were issued in between the holding current. For
synaptic recordings of spontaneous EPSCs (sEPSCs),
cells were held at �80 mV for 2 min. Evoked EPSCs were
conducted at �70 and �40 mV using a digital stimulator
(Digitimer) and a tungsten stimulating electrode (50–500
�A, 50 �s; World Precision Instruments) placed locally in
the stratum radiatum layer of CA1 to target Schaffer
collateral fibers. All electrophysiology recordings were
made at �30–32 °C by warming the aCSF line with a
single inline heater (Warner Instruments).

Data analysis
All traces were analyzed using pClamp (Clampfit; RRID:

SCR_011323). Compiled data were analyzed using mixed
two-way repeated-measures ANOVAs or one-way ANO-
VAs followed by Holm–Sidak-corrected multiple compar-
isons. Rheobase was taken as the lowest step necessary
to elicit a spike. Spike frequency adaptation was mea-
sured from elicited action potentials at the maximal cur-
rent step as the interspike interval (ISI; in ms). For
measures of Ih, peak and steady-state (S.S.) potential
were obtained from the antipeak and for the last 20 ms of
the step, respectively. Ih was measured at the maximal
negative current necessary to hyperpolarize the cell to
�120 mV. For sEPSCs, measurements across a 2 min
trace were analyzed by Mini Analysis (Synaptosoft) and
filtered with a low-pass Butterworth filter (500 Hz). sEP-
SCs with peak amplitudes not readily distinguishable from
noise (�5 pA) were excluded from the analysis. For
AMPA/NMDA ratio, data for each cell were averaged from

10 evoked EPSCs. For EPSCs at �70 mV, peak amplitude
was measured. For EPSCs at �40 mV, amplitude was
measured 40 ms after stimulation to isolate NMDA current
from the more transient AMPA current. Cells with low
peak amplitude AMPA EPSCs (�100 pA at highest stim-
ulus intensity) and/or low amplitude NMDA EPSCs (�100
pA at 50 ms after highest stimulus intensity) were ex-
cluded from the analysis. NMDA decay tau was deter-
mined based on previously established methods (Cathala
et al., 2000). We averaged NMDA EPSCs (10–15 traces)
and fitted the decay portion based on the following equa-
tion:

A�t� � Aslow � e�t/tslow � Afast � e�t/tfast ,

where �slow and �fast represent the decay time constants
and Aslow � Afast represent the amplitudes of the slow and
fast components. We then calculated the weighted time
constant (�w) based on the following equation:

tw � ttslow � [Aslow/�Aslow � Afast� � tfast � �Afast/�Aslow �

Afast�� .

Results
�FosB decreases intrinsic membrane excitability of
CA1 neurons

To determine the role of �FosB in regulating dHPC CA1
pyramidal cell function, we examined the effects of viral-
mediated overexpression and inhibition of �FosB on in-
trinsic excitability and measures of synaptic strength (Fig.
1A). We first tested whether HSV-mediated overexpres-
sion of GFP and �FosB, or �JunD, an inhibitor of �FosB
transcriptional regulation, affected basic cell and mem-
brane properties. No changes were observed in resting
membrane potential, membrane resistance, access (se-
ries) resistance, membrane capacitance, or input resis-
tance (Table 1).

To measure excitability, CA1 pyramidal cells were in-
jected with increasing steps (500 ms) of current (�25
pA/step) with periods of rest (0 pA, 500 ms) in between the
steps. Representative voltage traces to a 125 pA current
step are shown in Figure 1B. �FosB overexpression de-
creased the number of spikes observed across steps (Fig.
1C; main effect of group: F(2,51) �10.12, p � 0.001; Fig.
1C, inset: GFP vs �FosB, p � 0.024, 75–250 pA: p � 0.05
compared with GFP). No differences were observed in
spike amplitude or half-width (data not shown), indicating
that �FosB did not modify action potential kinetics.
�FosB also increased the threshold necessary to elicit an
AP (rheobase) in response to a brief depolarizing step of
current (Fig. 1D; F(2,51) � 5.73, p � 0.006; p � 0.044
compared with GFP).

Additionally, �FosB antagonism exerted an opposite
effect, increasing excitability. �JunD, a dominant negative
mutant of the binding partner of �FosB, JunD, which
binds to endogenous �FosB and antagonizes transcrip-
tional activity by preventing transactivation (Peakman
et al., 2003), caused a persistent increase in AP number
across depolarizing steps (Fig. 1C, inset: GFP vs �JunD,
p � 0.035; Fig. 1C: 75–250 pA, p � 0.05 compared with
GFP), while having no effect on rheobase (Fig. 1D). These
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Figure 1. �FosB regulates spike number in hippocampal CA1 neurons. A, Experimental timeline. B, Representative spikes from
125 pA depolarizing current injection in dHPC CA1 neurons transduced by HSV-GFP (GFP), HSV-GFP��FosB (�FosB), and
HSV-GFP � �JunD (�JunD). C, Spike (AP) number across increasing depolarizing current steps (25–250 pA) for GFP (n � 21
cells; n � 8 mice), �FosB (n � 19 cells; n � 9 mice), and �JunD (n � 14 cells; n � 5 mice). The number of APs was significantly
decreased by �FosB, and increased by �JunD. �p � 0.05, ��p � 0.01 (two-way repeated-measures ANOVA; Holm–Sidak
comparisons). Inset, Total number of APs across all steps. Total spikes were similarly regulated by �FosB. �p � 0.05 (one-way
ANOVA; Holm–Sidak comparisons). D, Rheobase (in pA) in GFP-, �FosB-, and �JunD-expressing cells. Rheobase was
significantly increased by �FosB expression. �p � 0.05 (one-way ANOVA; Holm–Sidak comparisons). E, Rheobase spike peak
amplitude (in mV). Spike amplitude was significantly decreased by �FosB expression. �p � 0.05 (one-way ANOVA; Holm–Sidak
comparisons). F, Rheobase spike half-width (in ms). No differences were observed. G, Mean spike amplitude (in mV) elicited by
125 pA depolarizing current injection. Spike amplitudes at 125 pA current were significantly decreased by �FosB expression.
�p � 0.05 (one-way ANOVA; Holm–Sidak comparisons). H, Mean spike half-width (in ms) elicited by 125 pA depolarizing current
injection. No differences were observed. All graphs display means � SEM.
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findings suggest that endogenous �FosB decreases the
intrinsic membrane excitability of dHPC CA1 neurons.

Spike amplitude is decreased by �FosB expression
We next assessed the properties of the action potential:

peak amplitude (in mV) and duration (half-width, in ms).
We examined spike properties at both rheobase and the
average spike properties of all spikes elicited by a 125 pA
current injection (as shown in the representative traces in
Fig. 1B). Spike amplitude at rheobase was significantly
decreased by �FosB expression (Fig. 1E; one-way
ANOVA: F(2,50) � 3.26, p � 0.047; post hoc: p � 0.028),
and this was also observed at the 125 pA current step
(Fig. 1G; one-way ANOVA: F(2,49) � 3.25, p � 0.047; post
hoc: p � 0.039). �JunD expression did not significantly
alter spike amplitude. In addition, no differences were
observed in spike duration at rheobase (Fig. 1F) or 125 pA
current (Fig. 1G). Thus, �FosB overexpression in CA1
neurons appears to decrease the peak amplitude of ac-
tion potentials.

Spike frequency adaptation is enhanced by �FosB
expression

Excitability may reflect changes in spike frequency ad-
aptation as a result of differential ion channel expression
(Storm, 1990; Fleidervish et al., 1996; Gu et al., 2007).
Thus, �FosB may mediate intrinsic mechanisms (e.g., ion
channel expression and/or function), which influence cel-
lular excitability in CA1 neurons by increasing spike ad-
aptation across depolarizing current or by changes in
hyperpolarization-activated current. Therefore, we inves-
tigated spike adaptation (measured by ISI) in elicited APs
at the maximal depolarizing current step in GFP-, GFP �
�FosB-, and GFP � �JunD-expressing CA1 neurons.
Groups did not differ in their maximal depolarizing step
current (Fig. 2A). At this step, �FosB overexpression in-
creased mean ISI (Fig. 2B; one-way ANOVA: F(2,48) �
5.73, p � 0.006; post hoc: p � 0.039), decreased AP
number (Fig. 2C; one-way ANOVA: F(2,50) � 4.60, p �
0.015; post hoc: p � 0.048), and increased the latency
from the onset of the step and the first spike (Fig. 2D;
one-way ANOVA: F(2,48) � 4.06, p � 0.023; post hoc: p �
0.047). Therefore, the maximal step was determined to be
the ideal current to investigate whether the overall de-
crease in spike frequency by �FosB overexpression was
due to altered spike adaptation.

We next assessed the ISI for the first and last spike
pairs at the maximal step (Fig. 2E). All groups increased
ISI at the last spike pair compared with the first spike pair
(main effect of spike pair: F(1,48) � 75.43, p � 0.001). No

differences were found between groups at the first pair of
spikes; however, �FosB significantly increased ISI at the
last pair of spikes (interaction of spike pairXgroup: F(2,48) � 4.95,
p � 0.011; post hoc: p � 0.003 compared with GFP). This
suggests that the �FosB reduction of CA1 neuron excit-
ability may be due to an enhancement in spike frequency
adaptation.

�FosB overexpression decreases hyperpolarization-
activated current in CA1 neurons

Hippocampal neuron activity, like that produced by
theta burst stimulation, can produce decreases in cellular,
but not dendritic, excitability that are associated with
increased Ih (Fan et al., 2005). Therefore, we also exam-
ined the effects of �FosB on Ih in dHPC CA1 neurons.
Representative hyperpolarizing voltage traces displaying
peak voltage and S.S. for CA1 cells expressing GFP, GFP
� �FosB, and GFP � �JunD are shown in Figure 3A–C.
Across hyperpolarizing steps, GFP cells show voltage
differences between peak and S.S. (Fig. 3D; Interaction of
stateXstep: F(5,204) � 8.98, p � 0.001; p � 0.001 between
peak and S.S. across �500 to �200 pA hyperpolarizing
steps), indicative of Ih that is normally observed in CA1
pyramidal neurons (Maccaferri et al., 1993; Magee, 1999).
However, �FosB decreased these differences across cur-
rent steps (Fig. 3E; p 
 0.05 for interaction of stateXstep; p �
0.05 between peak and S.S. at only �400 and �300
hyperpolarizing steps). The antagonism of �FosB by
�JunD may have also mildly reduced Ih compared with
GFP, indicated by lower mean differences between peak
and S.S. across hyperpolarizing steps (Fig. 3F, bottom; p

 0.05 for interaction of stateXstep; p � 0.05 between peak
and S.S. across �400 to �200 pA hyperpolarizing steps).

We also examined Ih at the maximal negative current
step (see Materials and Methods), which did not differ
between groups (Fig. 3G,H; p 
 0.05). At this step, �FosB
significantly reduced the difference between peak and
S.S. (Fig. 3I; one-way ANOVA: F(2,49) � 4.83, p � 0.012;
post hoc: p � 0.006 compared with GFP) and the sag ratio
(calculated as S.S./peak; Fig. 3J; one-way ANOVA: F(2,49)

� 4.17, p � 0.021; post hoc: p � 0.012 compared with
GFP). These findings suggest that Ih is regulated by
�FosB, which may contribute to the change in excitability;
however, the blockade of �FosB does not appear to
sufficiently alter basal Ih values in CA1 neurons to account
for the increased excitability observed in Figure 1. This,
along with the finding that �JunD does not regulate spike
adaptation, suggests that enhanced excitability caused

Table 1 Effects of �FosB overexpression or inhibition on properties of dorsal CA1 neurons.

Cell property
GFP

(n � 21)
�FosB

(n � 19)
�JunD

(n � 14)
Resting potential (mV) �66.7 � 0.7 �67.9 � 1.1 �66.3 -14.4
Membrane capacitance (pF) 71.6 � 4.6 66.4 � 5.4 60.0 � 5.9
Membrane resistance (M	) 66.1 � 9.0 58.9 � 10.4 67.9 � 7.9
Access resistance (M	) 18.7 � 1.2 19.3 � 1.3 18.7 � 1.9
Input resistance (M	) 156.7 � 11.9 171.9 � 25.6 176.6 � 15.2

Values are reported as the mean � SEM.
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by �FosB antagonism may be driven by different mech-
anisms than spike adaptation or Ih.

�FosB alters synaptic strength in CA1 neurons
�FosB increases dendritic spine formation in NAc and

dHPC, and produces cell type-specific adaptations in
synaptic strength in NAc MSNs (Grueter et al., 2013;
Eagle et al., 2015). This suggests that �FosB may also
regulate functional synaptic plasticity in dHPC CA1 neu-
rons. Therefore, we sought to assess the role of �FosB in
sEPSCs and AMPA/NMDA ratios in CA1 neurons. sEP-
SCs were assessed at �80 mV over 2 min periods. Rep-
resentative traces of sEPSCs are shown in Figure 4A. No
changes were observed in the sEPSC frequency (Fig. 4B),
but both �FosB and �JunD decreased sEPSC amplitudes
(Fig. 4C,D; F(2,42) � 4.75, p � 0.014; p � 0.027 for �FosB
and p � 0.027 for �JunD compared with GFP, respec-
tively), suggesting that both �FosB overexpression and
antagonism may reduce the postsynaptic response in
CA1 neurons. Because sEPSCs are generated by AP-
dependent and AP-independent release of neurotransmit-
ter in the absence of experimental stimulation, they
cannot conclusively implicate either presynaptic or post-
synaptic changes produced by �FosB modification in
CA1 neurons.

To directly assess whether �FosB regulates postsyn-
aptic strength in CA1 neurons, we examined glutamate
receptor function using AMPA/NMDA ratios of evoked
EPSCs. Representative traces of evoked EPSCs at �70
and �40 mV are shown in Figure 5A. Interestingly,
�JunD-mediated antagonism of �FosB significantly in-
creased the AMPA/NMDA ratio (Fig. 5B; F(2,39) � 4.41, p �
0.023; p � 0.038 compared with GFP), but no differences
were found by �FosB overexpression. This �JunD-driven
increase in AMPA/NMDA ratio, which is usually inter-
preted as an increase in synaptic strength, is in stark
contrast to the �JunD-driven decrease in sEPSC ampli-
tude (Fig. 4). Therefore, we also assessed the kineticFigure 2. �FosB enhances spike frequency adaptation. A, Rep-

Figure 2. continued
resentative spikes at maximal depolarizing current injection in
dHPC CA1 neurons transduced by HSV-GFP (GFP), HSV-GFP �
�FosB (�FosB), and HSV-GFP � �JunD (�JunD). B, The maxi-
mal depolarizing current was used to assess spike frequency
adaptation among GFP (n � 21 cells; n � 8 mice), �FosB (n � 19
cells; n � 9 mice), and �JunD (n � 14 cells; n � 5 mice). No
differences were observed in maximal current; p 
 0.05 (one-
way ANOVA). C, Mean ISI (in ms) at the maximal step across
groups. Mean ISI was increased by �FosB; �p � 0.05 compared
with GFP (one-way ANOVA; Holm–Sidak comparisons). D, Num-
ber of APs at the maximal step across groups. �FosB signifi-
cantly decreased the number APs; �p � 0.05 compared with
GFP (one-way ANOVA; Holm–Sidak comparisons). E, Latency
from the onset of the maximal step and the first spike was
assessed for each group. �FosB increased the latency com-
pared with GFP; �p � 0.05 (one-way ANOVA; Holm–Sidak com-
parisons). F, ISI for the first and last pair of spikes at the maximal
step for each group. ISI at the last pair of spikes was increased
by �FosB compared with GFP; ��p � 0.01 (two-way repeated-
measures ANOVA; Holm–Sidak comparisons). All graphs display
means � SEM.
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Figure 3. �FosB decreases Ih. A–C, Representative voltage trace to a hyperpolarizing current step showing Ih in hippocampal
CA1 neurons expressing GFP (n � 21 cellls; n � 8 mice), �FosB (n � 19 cells; n � 9 mice), and �JunD (n � 13 cells; n � 5 mice),
respectively. Arrows indicate amplitude measured at peak and S.S. D�F, I–V curves from hyperpolarizing current injections (0
to �500 pA) at peak and S.S. in GFP, �FosB, and �JunD cells. GFP cells had significant differences between peak and S.S.
across currents (from �500 to �200 pA), indicative of Ih. ���p � 0.001 (two-way ANOVA; Holm–Sidak comparisons). Differences
between peak and S.S. were comparably reduced in both �FosB (only different at steps �400 and �300 pA) and �JunD groups
(only at �300 pA), indicative of reduced Ih. �p � 0.05, ��p � 0.01 (two-way ANOVAs; Holm–Sidak comparisons). G, H, Mean
maximal negative current and voltage (produced by maximal negative current), respectively, in GFP, �FosB, and �JunD cells.
No differences were observed between groups; p 
 0.05 (one-way ANOVA). I, Difference between peak and S.S. at maximal
negative current across groups. �FosB significantly decreased the difference compared with GFP; ��p � 0.01 (one-way ANOVA;
Holm–Sidak comparisons). J, Sag ratio (S.S./peak at maximal negative current ratio) across groups. �FosB significantly
increased the sag ratio (decreased Ih) compared with GFP; �p � 0.05 (one-way ANOVA; Holm–Sidak comparisons). All graphs
display means � SEM.
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properties of the evoked EPSCs. We did not detect any
differences in the AMPA-mediated amplitude of evoked
EPSCs at �70 mv; however, the decay time constant of
the NMDA-mediated current was significantly reduced
by �JunD overexpression (Fig. 5C; F(2,39) � 6.87, p �

0.003; p � 0.011 compared with GFP). This suggests
that antagonism of �FosB produces a decreased
NMDA current, potentially via changes in receptor sub-
unit composition, leading to the apparent increase in
AMPA/NMDA ratios.

Figure 4. �FosB decreases spontaneous EPSC amplitude. A, Representative traces (�80 mV) showing sEPSCs in hippocampal CA1
neurons expressing GFP (n � 20 cells; n � 7 mice), �FosB (n � 16 cells; n � 6 mice), and �JunD (n � 9 cells; n � 5 mice). B, sEPSC
frequency (in Hz) across groups. No differences in sEPSC frequency were observed. C, sEPSC peak amplitude (in pA) across groups.
Both �FosB and �JunD reduced sEPSC amplitude compared with GFP; �p � 0.05 (one-way ANOVA; Holm–Sidak comparisons). D,
Cumulative fraction of the peak amplitudes (5–30 pA) across groups. Both �FosB and �JunD were shifted to the left from GFP. All
graphs display means � SEM.

Figure 5. Blockade of �FosB enhances AMPA/NMDA ratio. A, Representative average number of evoked EPSCs at �70 and �40 mV
in dHPC CA1 neurons expressing GFP (n � 19 cells; n � 8 mice), �FosB (n � 13 cells; n � 9 mice), and �JunD (n � 10 cells; n �
4 mice). Red lines indicate the measurement for NMDA currents, 50 ms after stimulation. B, AMPA/NMDA ratios (normalized relative
to GFP) across groups. �JunD significantly increased the AMPA/NMDA ratio compared with GFP. C, Decay tau for NMDA currents
(weighted across both fast and slow components) across groups. �JunD significantly reduced NMDA decay tau; �p � 0.05 (one-way
ANOVA; Holm–Sidak comparisons). All graphs display means � SEM.
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Discussion
We demonstrate that �FosB overexpression decreases

the excitability of dHPC CA1 pyramidal neurons, and,
conversely, antagonism of endogenous �FosB function
increases excitability. This is the first study to suggest that
an activity-dependent transcription factor decreases ex-
citability in these cells and raises the question of whether
this is mediated by direct transcriptional regulation of ion
channel expression or via regulation of other intermediary
signaling or transcriptional regulators, such as the �FosB
targets CaMKII or c-Fos (Robison et al., 2013, 2014; You
et al., 2017). �FosB could be directly downregulating the
expression of specific Na� channels, or could achieve
their downregulation indirectly by repression of immediate
early genes, such as c-fos, which regulate Na� channel
expression. For example, �FosB represses c-fos expres-
sion via histone deacetylation (Renthal et al., 2008; You
et al., 2017), which has been observed recently in dentate
gyrus hippocampal neurons (Corbett et al., 2017). Alter-
natively, �FosB may be enhancing the expression or
function of ion channels associated with decreased excit-
ability (e.g., K� channels). However, target genes of
�FosB in hippocampus have not yet been fully delineated.

Homeostatic changes in excitability are associated with
enhanced synaptic strengthening, typically after repeated
neuronal activity or learning (Desai et al., 1999; Zhang and
Linden, 2003), and this is regulated by both transcriptional
and epigenetic mechanisms (Schulz et al., 2008; Guzman-
Karlsson et al., 2014; Meadows et al., 2015, 2016). Thus,
the reduction in excitability may be a compensatory cel-
lular mechanism resulting from enhanced dendritic or
synaptic activity, although future studies are needed to
fully determine the role of �FosB in synaptic plasticity.
However, this idea raises interesting possibilities that the
�FosB-driven reduction in excitability may contribute to
homeostatic mechanisms producing decreased global
activity, thereby enabling the fine tuning of synapses after
experience. Furthermore, the role of hippocampal �FosB
in learning (Eagle et al., 2015; Corbett et al., 2017) indi-
cates that this may be linked to experience-driven
changes underlying memory consolidation. Excitability
was recently hypothesized to be linked to place cell se-
lectivity and memory allocation (Schmidt-Hieber and No-
lan, 2017). In this hypothesis, increased excitability
distinguishes place cells amid pools of “silent” non-place
cells. Therefore, �FosB induction and its subsequent ef-
fects on excitability may act as a mechanism enhancing
signal-to-noise in the pool of place-to-silent cells. Addi-
tionally, potential fine tuning of hippocampal plasticity of
�FosB, both intrinsic and synaptic, may be aberrant in
neurologic diseases, such as Alzheimer’s disease and
epilepsy, and contribute to cognitive dysfunction (Corbett
et al., 2017; You et al., 2017).

We also demonstrated that the decrease in excitability
was associated with a concurrent decrease in Ih and an
increase in spike frequency adaptation. Ih regulates excit-
ability (van Welie et al., 2004; Fan et al., 2005; Kim Chung
et al., 2012), primarily by homeostatically decreasing ex-
citability after synaptic strengthening from neuronal activ-
ity (van Welie et al., 2004; Brager and Johnston, 2007).

Therefore, these findings indicate that Ih may be contrib-
uting to the �FosB-mediated change in excitability. How-
ever, because Ih is typically associated with an increase in
excitability (Fan et al., 2005; Kim Chung et al., 2012), the
decreased Ih we observe may not be causally related to
the change in excitability and may reflect �FosB-
mediated transcription of targets that separately reduce
both excitability and Ih. Future studies using pharmaco-
logical isolation and blockade of Ih will be needed to
determine the relationship between the effects of �FosB
on Ih and excitability.

It is also possible that the reduction in excitability is
driven by a �FosB-mediated increase in spike frequency
adaptation. Spike adaptation is typically regulated by
M-type K� currents or inactivation of depolarizing cur-
rents (Storm, 1990; Benda and Herz, 2003; Otto et al.,
2006; Gu et al., 2007). Additionally, the concurrent change
in excitability and spike frequency adaptation may be
driven by changes in membrane voltage (Fernandez et al.,
2011), but this is unlikely as we did not observe a change
in resting membrane potential. �FosB may therefore be
transcriptionally activating or silencing targets that regu-
late spike adaptation (i.e., Na� or K� channels), which
may, in part, underlie the decrease in excitability. During a
depolarization, Na� channels are inactivated and recover
only gradually, contributing to spike adaption and a de-
crease in spike amplitude (Benda and Herz, 2003). �FosB
could be acting to either prematurely inactivate Na� chan-
nels or depress the recovery of Na� channels. This po-
tential mechanism would support a decrease in spike
adaptation as well as the decrease in spike amplitude.
These findings collectively point to �FosB regulating in-
trinsic membrane excitability in CA1 neurons, and future
studies will uncover the specific transcriptional targets
and downstream mechanisms driving this phenomenon.

The finding that �JunD antagonism of �FosB increased
AMPA/NMDA ratios while decreasing sEPSC amplitude
appears contradictory at first pass; however, this change
in AMPA/NMDA ratio is likely explained by a decreased
NMDA-mediated current rather than an increased AMPA
current. NMDAR decay kinetics are determined in part by
receptor subunit composition, with GluN2A-containing re-
ceptors having much faster decay than GluN2B- or
GluN2C-containing receptors (Vicini et al., 1998). It is
interesting to speculate that �FosB may be regulating the
expression of the GRIN2A or GRIN2B genes in hippocam-
pal CA1 neurons, a function that �FosB does not appear
to have in NAc MSNs (Kelz et al., 1999; Robison et al.,
2013). Future experiments examining �FosB gene targets
in hippocampal pyramidal neurons, potentially including
chromatin immunoprecipitation and gene expression
studies, will be required to determine whether NMDAR
subunit expression is indeed directly regulated by �FosB.

Together, the decreased sEPSC amplitude and NMDA-
mediated current makes it likely that antagonism of
�FosB leads to decreased synaptic strength. �JunD has
been previously identified to decrease the total number as
well as the number of mature, mushroom-shaped den-
dritic spines in dorsal CA1 neurons (Eagle et al., 2015), a
structural phenomenon associated with reduced synaptic
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strength (Ziv and Smith, 1996; Engert and Bonhoeffer,
1999; Toni et al., 2007). Changes in synaptic strength in
dorsal CA1, such as decreased NMDAR function and/or
expression, are associated with a variety of impairments
in learning and memory (McHugh et al., 1996; Tsien et al.,
1996; Wilson and Tonegawa, 1997). Supporting this,
�FosB antagonism by �JunD is known to impair spatial
and contextual learning (Eagle et al., 2015). Thus, the
current findings suggest that �FosB transcriptional activ-
ity is necessary for dorsal CA1-mediated synaptic plas-
ticity underlying memory consolidation, potentially via
direct action on NMDAR gene expression.

In addition to learning and memory, �FosB is also
robustly induced in hippocampus by antidepressants,
such as fluoxetine (Vialou et al., 2015), suggesting that it
may underlie resilience to stress and depressive pheno-
types. These novel findings suggest that a potential
mechanism for antidepressant effects may be a decrease
in the excitability of hippocampal neurons. Antidepres-
sants, particularly selective serotonin reuptake inhibitors,
have anticonvulsant properties (Yan et al., 1994; Favale
et al., 1995; Wada et al., 1995), which may be mediated by
decreased excitability through the inhibition of various
Ca2� and/or K� channels (Deák et al., 2000; Choi et al.,
2004; Igelström and Heyward, 2012) either indirectly or via
serotonergic mechanisms (Andrade, 2011). Similarly,
�FosB is also induced in HPC by chronic exposure to
drugs of abuse (Perrotti et al., 2008), and it has been
found that chronic amphetamine use reduces the intrinsic
excitability of ventral subiculum neurons (Cooper et al.,
2003). Therefore, �FosB may act as a critical regulator of
general hippocampal excitability under a variety of dis-
ease conditions, from depression to addiction, or in spe-
cific ensembles of CA1 neurons during learning. Future
studies will determine the gene targets and downstream
mechanisms of these effects and delineate their possible
roles in both normal and aberrant hippocampal function.
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