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Basolateral amygdala projections to ventral
hippocampus modulate the consolidation of footshock,
but not contextual, learning in rats
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The basolateral amygdala (BLA) modulates memory consolidation for a variety of types of learning, whereas other brain
regions play more selective roles in specific kinds of learning suggesting a role for differential consolidation via distinct BLA
pathways. The ventral hippocampus (VH), an efferent target of the BLA, has been suggested to selectively process emotion-
related learning, yet whether the BLA — VH pathway modulates memory consolidation, and does so in a learning-specific
manner, is unknown. To address this issue, the BLA of male Sprague-Dawley rats was bilaterally transduced to express either
ChR2(E123A) or eArchT3.0. Fiber optic probes were implanted in the VH to provide illumination of BLA axons. Rats then
underwent a modified contextual fear conditioning task permitting separation of context and footshock learning. On day |,
rats received 3 min of pre-exposure to the apparatus. On day 2, rats were placed into the apparatus, received an immediate
footshock, and quickly removed. Retention was tested on day 4. Optical stimulation of the BLA — VH pathway following
footshock, but not context, training using trains of 40-Hz light pulses enhanced retention. Continuous optical inhibition of
this pathway for 15 min starting 25 min after footshock training impaired retention. These findings indicate that BLA — VH
projections influence the consolidation for footshock, but not context, learning of a modified CFC task and provide direct
evidence that BLA projections to other brain regions modulate memory consolidation selectively depending on the kind of

learning involved.

Learning and memory involves complex interactions among mul-
tiple brain regions that play discrete roles in the consolidation of
specific kinds of memories. However, work strongly indicates that
the basolateral amygdala (BLA) modulates the consolidation of a
wide array of memories. It has been hypothesized that the BLA
plays this more general role, at least in part, through interactions
with distinct regions (McGaugh 2002, 2004; McIntyre et al. 2012).
BLA connections with forebrain regions such as the hippocampus
and striatum that are selectively involved in the consolidation of
certain kinds of memories (McDonald 1991; Pitkdnen et al. 2000;
McGaugh 2002; Malin and McGaugh 2006; Paz et al. 2006;
Chavez et al. 2013) suggest that efferent pathways from the BLA
may be selectively involved in modulating consolidation for spe-
cific kinds of information.

Indeed, much evidence suggests that the BLA interacts with
the hippocampus during memory consolidation (Packard et al.
1994; Roozendaal et al. 1999; Malin and McGaugh 2006) and
that the BLA directly or indirectly influences activity and plastic-
ity in different parts of the hippocampal formation (Ikegaya et al.
1995; Frey et al. 2001; Mclntyre et al. 2005; McReynolds et al.
2014; Lovitz and Thompson 2015). These findings suggest path-
way mechanisms by which the BLA influences the consolidation
of memories regulated by the hippocampal formation. However,
the hippocampus comprises different subregions, including
dorsal and ventral divisions, which have been suggested to pro-
cess different kinds of information (Moser and Moser 1998;
Bannerman et al. 2004; Fanselow and Dong 2010). In rodents,
the dorsal hippocampus (DH) has been strongly implicated in spa-
tial memories (Kim and Fanselow 1992; Moser et al. 1995;
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Barrientos et al. 2002), whereas investigations into the role of
the ventral hippocampus (VH) in spatial processing remain less
clear. Some studies propose VH necessity for tasks involving spa-
tial memory (Ferbinteanu and McDonald 2001; Rudy and
Matus-Amat 2005), whereas others have discounted the VH as
a site for spatial processing (Moser et al. 1995; Pothuizen et al.
2004). In contrast, the VH has been more clearly implicated
in processing emotion and anxiety (Henke 1990; Kjelstrup et al.
2002; Bannerman et al. 2004; Maren and Holt 2004). Although
much prior work has focused on the interactions between
the BLA and DH during memory consolidation, the BLA main-
tains a direct projection to the VH, but not the DH (Pikkarainen
et al. 1999), and recent work supports the functionality of this
projection (Felix-Ortiz and Tye 2014). Yet, to our knowledge,
no prior study has examined the interaction between the BLA
and VH during memory consolidation, and, moreover, it is un-
known whether BLA projections to the VH are selectively involved
in the consolidation of specific types of information, but not
others.

Contextual fear conditioning (CFC) involves learning re-
garding both contextual and emotional (footshock) infor-
mation, suggesting the existence of distinct regions in the
brain involved in dissociable components of this learning.
Substantial evidence from CFC studies indicates that a brief foot-
shock with minimal time spent in a context produces poor re-
tention of the training, an effect reversed by exposure to the
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context before the footshock (Fanselow 1986, 1990; Kiernan and
Westbrook 1993; Landeira-Fernandez et al. 2006). Thus, the sep-
arate mnemonic components of the task can be investigated
through presentation of the context and footshock on separate
days. Prior work using this modified CFC paradigm has dissociat-
ed roles for the DH and anterior cingulate cortex. The DH,
but not anterior cingulate, is involved in the consolidation of
the context learning, whereas the anterior cingulate, but not
the DH is involved in the consolidation of the footshock
learning (Malin and McGaugh 2006), establishing the utility of
this paradigm in investigating the neurobiology underlying the
consolidation of two different kinds of information. Although
previous findings indicate a role for the VH in contextual fear
conditioning (Bast et al. 2001; Gilmartin et al. 2012; Zhu et al.
2014), it is unknown whether BLA inputs to the VH influence
memory consolidation for CFC and whether they do so in a
manner related to the type of information being consolidated.
Therefore, the present study used the modified CFC task to sep-
arate context and footshock learning (Liang 1999; Malin and
McGaugh 2006) and provided optogenetic stimulation or inhibi-
tion of BLA axons in the VH immediately after training for either
the context or footshock components of the task. It was hypoth-
esized that the BLA projections to the VH would be involved in
the consolidation for the footshock learning, but not the con-
text learning.

Results

To examine the consolidation for context vs. footshock learning,
we used the modified CFC training paradigm, as described in de-
tail in Materials and Methods. Figure 1A depicts the inhibitory
avoidance chamber used for the behavioral task, and Figure 1B
shows a general timeline of the behavioral training and testing.
In brief, rats were placed into the inhibitory avoidance chamber
on day 1 and given 3 min to explore the entire chamber (context
pre-exposure). On day 2, rats were placed into the darkened shock
compartment, with no access to the lit safe compartment, and giv-
en an immediate footshock (level adjusted for each experiment to
prevent ceiling and floor effects). On day 4, rats were placed into
the lit “safe” chamber with access to the entire chamber, and their
latencies to cross into the darkened chamber were measured and
used as the index of retention, with higher latencies indicating
better retention.
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Figure 1. (A) Diagram of inhibitory avoidance apparatus used in the modified CFC training. (B)
Schematic diagram of the timeline for behavioral training and testing. (C) Naive rats (i.e., rats that
did not undergo surgeries) underwent the modified CFC task. Rats received either (1) context training
on day 1 but no footshock on day 2; (2) alternate-context training on day 1 and footshock training on
day 2; or (3) context training on day 1 and footshock training on day 2 (i.e., the full CFC training). The
figure shows the mean retention latencies, in seconds (+ SEM), as well as the number of rats in each
group under the respective bar. Those rats that received context and footshock training in the same ap-
paratus had significantly higher retention latencies than the other two groups (*) P < 0.05, which did

not differ from each other.
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To confirm prior work indicating the necessity of both con-
text training (pre-exposure to the entire apparatus) and footshock
training (immediate shocks paired with one portion of the appa-
ratus) for retention of the CFC task, naive rats (i.e., rats that did
not undergo surgeries of any kind) either received context train-
ing on day 1 with no footshock on day 2, alternate-context train-
ing on day 1 with a footshock on day 2, or both the context
training on day 1 and footshock training on day 2 (i.e., the com-
plete CFC training). Figure 1C shows the day 4 retention latencies,
respectively, for all three groups. A one-way ANOVA revealed a sig-
nificant effect (F(2 15y = 5.304, P < 0.05) with post hoc analyses in-
dicating significantly higher latencies for those rats receiving the
complete CFC training (both context and footshock training)
compared with those of rats receiving either alternate-context
training on day 1 or no footshock on day 2. The retention laten-
cies for the alternate context and no-footshock groups did not dif-
fer from each other.

To examine the role of the BLA projection to the VH during
memory consolidation, the BLA was transduced with either the
depolarizing opsin ChR2(E123A) or the hyperpolarizing opsin
eArchT3.0 with optic probes implanted in the VH enabling illumi-
nation of the BLA axons, as described in Materials and Methods.
In all experiments, rats received optical manipulations after either
the context or footshock training, either immediately or at some
delay following the training (details in Materials and Methods). In
brief, upon being removed from the training apparatus (or follow-
ing the delay, during which rats remained in their home cage), bi-
laterally implanted fiber optic probes were connected to optical
fibers through which light of the appropriate wavelength was de-
livered. The rat was then placed into an open-top box with opaque
sides and the appropriate illumination was provided.

Optical activation of BLA axons in the VH
enhances retention of footshock learning
for a modified CFC task

To determine whether post-footshock stimulation of the BLA —
VH pathway enhances consolidation for CFC, rats underwent
the modified CFC training and received post-training optical
stimulation of ChR2(E123A)-transduced BLA terminals in the
VH on day 2, as outlined in Figure 2A. The BLA-VH pathway
was stimulated using trains of light pulses (2-sec trains, given ev-
ery 10 sec) at either 20, 40, or 80 Hz (5-msec pulse width, 473 nm
light) over 15 min. Figure 2B shows the retention latencies for rats
that underwent the full modified CFC
training and received optical stimulation
of the BLA axons in the VH immediately
following footshock training on day
2. For this experiment, the sham-control
group expressed either ChR2(E123A) or
eYFP-alone and received no illumina-
tion, and these groups were combined
for analysis as their latencies did not sig-
nificantly differ from one another () =
0.057, P> 0.05; mean + SEM for each:
ChR2(E123A) = 37.50 £ 10.30; eYFP=
7 36.5 £9.78). A one-way ANOVA revealed
a significant difference between groups
(F(4,38)=7.057, P<0.001). Rats that
received trains of 40 Hz pulses had
significantly increased retention laten-
cies compared with sham controls (P <
0.01), the 20-Hz group (P < 0.01), and
eYFP controls (P<0.01). No other
groups were significantly different from
each other. To determine whether the
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Figure 2. Retention effects of optical stimulation of ChR2(E123A)-transduced BLA axons in the VH
immediately after footshock (day 2) training. (B—E) show the mean retention latencies, in seconds
(£ SEM), as well as the number of rats in each group under the respective bar. (A) Schematic
diagram of the timeline for experimental training as well as optical stimulation following footshock
training. (B) Increased retention latencies of rats given post-footshock training optical stimulation of
BLA axons in the VH via activation of ChR2(E123A). Retention was significantly increased in rats that
received trains of 40 Hz light pulses following training. (*) P < 0.05 compared with sham-control, 20
Hz, and eYFP-control groups. (C) No effect on retention when identical total number of light pulses
was given to rats after footshock training. Rats received 4-sec trains of 20-Hz light pulses, thus match-
ing the total number of light pulses given to rats in panel B that received 2-sec trains of 40-Hz pulses.
(D,E) No effect of optical stimulation of the BLA — VH pathway following day 2 training on retention
if either component of the task (context pre-exposure or footshock delivery, respectively) was
altered /omitted.

Optical inhibition of BLA axons in
the VH impairs retention of
footshock learning for a modified
CFC task when given at a 25-min
delay

To determine whether post-footshock
inhibition of the BLA — VH pathway
impairs consolidation of a CFC task,
rats underwent CFC training and re-
ceived post-training optical inhibition of
eArchT3.0-transduced BLA terminals in
the VH following footshock training on
day 2 as outlined in Figure 3A. Optical in-
hibition was obtained using continuous
561-nm light for 15 min. The latencies
of rats that received 15 min of immediate
post-footshock training inhibition are
shown in Figure 3B, but no significant
difference was observed (single foot-
shock: t15) = 0.34, P > 0.05). Due to the
low control group latencies and the po-
tential for a “floor” effect, we repeated
the experiment using two footshocks.
Latencies for those rats are shown in
Figure 3C, and again no significant
difference was observed (f0) = 0.076;
P >0.05).

Regardless of the footshock parame-
ters delivered on day 2 (a single 2-sec,
1-mA footshock or two 1 sec, 1mA foot-

effect observed with the trains of 40 Hz stimulation was due to the
number of light pulses received (rather than the frequency), a sep-
arate experiment (matched pulses) was conducted in which
ChR2(E123A)-transduced rats received 20 Hz stimulation in
4-sec trains following footshock training and thus received an
equivalent number of light pulses. The latencies of these rats
were not significantly different from the latencies of their sham-

shocks), the control groups’ latencies were very low, potentially
creating floor effects that prevented observation of any memory
impairment. Therefore, we considered that having a small delay
between the footshock and the optical manipulations might
lead to higher control latencies, as we have previously observed
that immediate post-training optical manipulations produce de-
pressed control baselines (Huff et al. 2013). Moreover, prior

control rats, as shown in Figure 2C (f;9) = 0.34, P > 0.05).

To further demonstrate the necessi-
ty of both components of the task, a sep-
arate group of rats underwent context
training in an alternate context (an oper-
ant chamber) on day 1 and then received
optical stimulation using trains of 40-Hz
light pulses following standard foot-
shock training on day 2. Retention laten-
cies for the stimulation group, as shown
in Figure 2D, were not significantly dif-
ferent from those of the sham-control
group (te =0.082, P> 0.05). In addi-
tion, to ensure that the optical stimula-
tion of the BLA—VH pathway alone did
not induce aversion for the shock cham-
ber, a control experiment was conducted
in which rats received normal context
training but, on day 2, were simply
placed into the shock compartment
with no footshock administered. They
were then given optical stimulation
identical to that found to be effective
at enhancing retention in Figure 2B.
Retention latencies for those rats, shown
in Figure 2E, again did not differ between
the sham-control and stimulation groups
(taz) = 0.64, P > 0.05).
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work suggests that BLA activity ~30 min following a learning
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Figure 3. Retention effects of optical inhibition of eArchT3.0-transduced BLA axons in the VH after

footshock (day 2) training. (B—F) show the mean retention latencies, in seconds (£ SEM), as well as
the number of rats in each group under the respective bar. (A) Schematic diagram of the timeline for
experimental training as well as optical inhibition following footshock training. (B,C) No effect on reten-
tion was observed when optical inhibition was provided immediately after footshock training regardless
of footshock strength and duration (B: A single 1 mA, 2-sec footshock; C: Two 1 mA, 1-sec footshocks).
(D) Impaired retention of rats given post-footshock optical inhibition of BLA axons in the VH at a 25-min
delay. (*) P < 0.05, compared with sham control. (E) No effect on retention of 15 min of continuous
optical inhibition of the BLA — VH pathway given 3 h after footshock training. (F) No effect of illumi-
nation on retention in GFP-alone control rats following the experimental parameters in D.
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event may be especially important
(McIntyre et al. 2002; Pelletier et al.
2005). Therefore, we conducted an addi-
tional experiment in which optical inhi-
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the delay), which was successtul in pro-
ducing higher control group latencies.
Figure 3D shows the retention latencies
of those rats, and a t-test revealed a signif-
icant difference (f5q) = 2.781, P < 0.05),
indicating that inhibiting BLA axons in
the VH 25 min after footshock training Cc

impaired retention. In another experi- I
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way which could have been responsible
for the impairments in retention laten-
cies. As shown in Figure 3E, no sig-
nificant difference in latencies was
observed between sham-control and illu-
mination groups (f31,=1.599, P>
0.05). Finally, to determine whether the
effects were due to illumination alone,
another group of rats expressing GFP
alone (i.e.,, no opsin controls) received
15 min of post-footshock training illumi-
nation at a 25-min delay. Latencies for
these rats were no different from those
of the sham-control group (F; tq3 =
1.252, P > 0.05).

Figure 4.

Optical stimulation and inhibition of BLA axons in the VH
did not affect retention of the context learning for the
modified CFC training
Following the completion of the experiments in which optical
stimulation/inhibition was given after footshock training, we
conducted additional experiments to determine whether similar
manipulations given after the context training (day 1) would alter
retention. Rats underwent CFC training and received either
post-training optical stimulation of ChR2(E123A)-transduced
BLA terminals in the VH or post-training optical inhibition of
eArchT3.0-transduced BLA terminals in the VH following context
training on day 1 (see Fig. 4A,C for outline of training and testing).
Figure 4B shows retention latencies for rats that received 15 min
of stimulation immediately following context training on day
1. A one-way ANOVA revealed no significant difference be-
tween groups regardless of stimulation frequency (F3 1) = 0.19,
P > 0.05). Photoinhibition of BLA terminals in the BLA provided
for 15 min at a 25-min delay after context training also had no sig-
nificant effect on retention (Fig. 4D; t15,= 0.70, P > 0.05).
Figure 5 shows histological verification of opsin expression in
BLA axons in the VH as well as electrophysiological confirmation
of robust influence of stimulation and inhibition of BLA axons
(via illumination of ChR2(E123A)- and eArchT3.0-expressing
BLA axons) over VH neuronal activity. Figure 5B shows represen-
tative images of the BLA (left) or BLA axons in the VH (right) ex-
pressing eArchT3.0 or ChR2(E123A), respectively. The right
panel also shows a representative fiber optic track. Figure 5C
shows a representative raster plot of neural excitation in the VH
in response to light delivery to BLA axons in the VH in a
ChR2(E123A)-transduced rat. Figure 5D shows a raster plot of
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Retention effects of optical stimulation or inhibition given after context training on day 1. All
graphs show the mean retention latencies, in seconds (+ SEM), as well as the number of rats in each
group under the respective bar. (A) Schematic diagram of the timeline for experimental training as
well as optical stimulation following context training. (B) Retention latencies of rats given post-context
training optical stimulation of BLA axons in the VH via activation of ChR2(E123A). Due to the low nin
this experiment, the individual data points are also plotted. Such stimulation had no effect on retention
regardless of stimulation frequency used. (C) Schematic diagram of the timeline for experimental train-
ing as well as optical inhibition following context training. (D) Retention latencies of rats given optical
inhibition in the BLA — VH pathway via activation of eArchT3.0 at a 25-min delay following context train-
ing. No effect of optical inhibition using the same parameters as Figure 3D was observed for retention.

the inhibition of BLA axons in the VH in a rat transduced with
both ChR2(E123A) and eArchT3.0. Illumination (473 nm) was
provided to the BLA cell bodies to stimulate BLA neurons while il-
lumination (561 nm) was simultaneously provided to the VH to
inhibit BLA axons. Inhibition was found to reduce VH neuronal
activity driven by the cell body stimulation.

Discussion

The current study extends previous work examining BLA modula-
tion of memory consolidation and provides evidence that the pro-
jection from the BLA to the VH plays a selective role in the
consolidation of specific components of contextual fear condi-
tioning. The findings indicate that immediate post-training opto-
genetic stimulation of this pathway following footshock, but not
context, training increased retention latencies for CFC. This mod-
ulation was specific to stimulation using trains of 40, but not 20 or
80, Hz light pulses. Optical inhibition of the same pathway fol-
lowing footshock, but not context, training impaired retention
when inhibition was given 25 min after training. Together, these
results indicate that the BLA modulates the consolidation for the
footshock component of CFC through efferent projections to the
VH and that this pathway does not play a similar role in the con-
solidation of the contextual learning for this task.

Prior studies indicate that the BLA modulates the consolida-
tion for many different types of learning including inhibitory
avoidance (LaLumiere et al. 2004, 2005), CFC (LaLumiere et al.
2003; Huff and Rudy 2004), conditioned taste aversion (Miranda
et al. 2003; Guzman-Ramos and Bermudez-Rattoni 2012), spatial
and cued-response learning (Packard et al. 1994), and novel object
recognition (Roozendaal et al. 2008; Bass et al. 2012). However,
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(A) Schematic diagram of BLA injection site, incubation time, and optic probe placement in VH. Stereotaxic images reprinted with permission

from Elsevier. (B) Anti-GFP immunohistochemical staining from the injection site in a eArchT3.0-transduced rat (left) and anti-eYFP immunohistochemical
staining of BLA axons in the VH in a ChR2(E123A)-transduced rat. Additionally, damage from the fiber optic probe implant can be seen terminating dorsal
to the innervating fibers. (C) Raster plot of a VH neuron modulated by ChR2-transduced BLA axon stimulation. Blue rasters (above) and histogram (below)
are from 40-Hz stimulation with the 473-nm laser (ChR2-targeted). (D) Raster plot of a VH neuron modulated by both ChR2 and ArchT activation. Blue
rasters (above) and histogram (below) are from 40-Hz stimulation with the 473-nm laser (ChR2-targeted). Yellow rasters (above) and histogram (below) are
from simultaneous 40-Hz stimulation with the 473-nm laser and constant illumination with the 561-nm laser (ArchT targeted).

evidence also indicates that different types or kinds of learning in-
volve separate and distinct brain regions, as, for example, the hip-
pocampus and caudate are involved in the consolidation of spatial
and cued water maze learning, respectively (Packard et al. 1994).
The BLA interacts with a variety of structures both cortical (e.g.,
anterior cingulate cortex, insular cortex) and subcortical (e.g.,
caudate, nucleus accumbens) during memory consolidation,
potentially accounting for its diffuse involvement in consolida-
tion across tasks and types of memory (for recent review, see
Mclntyre et al. 2012). However, prior work was unable to directly
manipulate activity in distinct efferent BLA pathways to deter-
mine whether such pathways were selectively involved in specific
kinds of memory consolidation.

The present work used a modified CFC paradigm, in which
the consolidation of context and footshock learning are separated
(Liang 1999). Prior work using this paradigm has found that,
whereas the BLA itself modulates the consolidation for context
and footshock components, the dorsal hippocampus and anterior
cingulate are selectively involved in the consolidation for the con-
text and footshock learning, respectively (Malin and McGaugh
2006). Thus, the present findings, indicating a role for the BLA
— VH pathway in the consolidation of the footshock, but not
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contextual, component for the task, provide evidence for the
selective roles of different efferent pathways from the BLA, de-
pending on the type of learning. Although the present work
found a role for BLA projections to the VH only in footshock learn-
ing, as Malin and McGaugh observed for the anterior cingulate,
there is no direct projection from the VH to the anterior cingulate
or vice versa. Of note, however, is the consistent co-activation of
the anterior cingulate and VH in fear memories including ex-
pression/retrieval (Cullen et al. 2015), a relationship likely medi-
ated through the nucleus reuniens of thalamus (Vertes 2006;
Nieuwenhuis and Takashima 2011). Nonetheless, a wealth of find-
ings provide evidence supporting a promiscuous influence for the
BLA on memory consolidation and more discrete roles for other
brain regions depending on the component or type of learning in-
volved. Moreover, they also suggest that the BLA, through its dif-
ferent projections, interacts with specific brain regions in a
manner dependent on the component of the CFC investigated,
a hypothesis supported by the current research.

Although the BLA is well-known for its role in modulating
emotionally influenced memory consolidation, the BLA has also
been shown to modulate consolidation for learning that occurs
in the absence of any observable affective component, including

Learning & Memory



BLA-VH pathway modulates footshock learning

object-in-context learning and contextual learning (Malin and
McGaugh 2006; Barsegyan et al. 2014). However, it is impossible
to rule out the possibility that any learning involves at least min-
imal levels of emotional arousal. Nonetheless, using the same
behavioral paradigm used here, Malin and McGaugh (2006) found
that post-context intra-BLA microinjections of a muscarinic cho-
linergic agonist enhanced retention for CFC. Thus, the present
work, finding no role for the BLA — VH pathway in the consolida-
tion of the contextual learning, provides important information
about the role of the BLA in memory modulation and suggests
that other efferent pathways from the BLA are involved in the con-
solidation of the contextual learning for this CFC task.

The VH receives a significant innervation from the BLA and,
in light of the well-established roles for the hippocampus in mem-
ory, appeared to be a likely candidate for at least some BLA influ-
ences on memory consolidation for CFC. Indeed, prior work
suggests that post-training inactivation of the VH impairs CFC
and auditory fear conditioning (Maren and Holt 2004). However,
previous investigations have produced conflicting evidence re-
garding the role of the VH in specific aspects or types of memory
(see Fanselow and Dong 2010 for larger discussion). The role of the
VH in spatial information/memory processing has been unclear
(Ferbinteanu and McDonald 2001; Pothuizen et al. 2004; Rudy
and Matus-Amat 2005), likely due to differences in the specific re-
gions of the hippocampus targeted or identified as “VH"” as well as
differences in techniques and behavioral paradigms. Yet it is gen-
erally agreed that the VH plays a significant role in emotional pro-
cessing including fear and anxiety (Moser and Moser 1998;
Ferbinteanu and McDonald 2001; Bannerman et al. 2003; Pothui-
zen et al. 2004). For example, hippocampal lesions that are con-
fined to more ventral locations that do not connect or project to
the dorsal/contextual-processing regions show reduced anxiety
responses as evidenced by more time spent in the open arms of
an elevated plus maze (Kjelstrup et al. 2002). Moreover, optoge-
netic manipulations of BLA inputs to the VH indicate a role for
this pathway in altering anxiety-related behavior (Felix-Ortiz
and Tye 2014). In agreement with some of these previous results,
the present findings provide evidence that BLA inputs to the VH
modulate the consolidation for the emotion-related aspect of con-
textual fear conditioning (i.e., the footshock learning) but are not
involved in the contextual component. However, it is critical to
note that our findings do not address the role of the VH itself
but rather provide evidence for the role of the “pathway” from
the BLA to the VH during memory consolidation.

The present findings also provide further evidence for the im-
portance of y frequency activity in memory consolidation. Prior
work from our laboratory indicates that optical stimulation of
the BLA, using bursts of 40 Hz light pulses, enhances retention,
whereas similar stimulation using bursts of 20-Hz light pulses
has no effect (Huff et al. 2013). The present work extends those
findings to the BLA — VH pathway and indicates that bursts of
80 Hz light pulses also have no effect. y Oscillations (35-45 Hz)
are thought to be predictive of memory and underlying plasticity
(Popescu et al. 2009; Headley and Weinberger 2011) and coordi-
nated neuronal activity is suggested to play a role in regulating
synaptic plasticity (Bauer et al. 2007). However, whether stimula-
tion and inhibition of BLA axons in the VH is modulating under-
lying plasticity within the VH or elsewhere remains unknown. It is
possible that the current modulation of BLA — VH activity pro-
duces a spread of activity beyond the VH and that critical plastic-
ity occurs in these downstream regions.

Methodological considerations
The target stimulation parameters chosen for these experiments
were based on our previous findings indicating that the parame-

www.learnmem.org

56

ters for stimulation and inhibition are effective in modulating
consolidation following a one-trial inhibitory avoidance task
(Huff et al. 2013). Here, we were able to extend these stimulation
parameters to the BLA — VH pathway during memory consolida-
tion of footshock learning. Importantly, a range of stimulation
frequencies, including the most effective frequency (40 Hz) for
the enhancement of consolidation for footshock learning and in-
hibitory avoidance learning in general (Huff et al. 2013), was used
to investigate the BLA — VH pathway during context learning, yet
no frequency was effective for enhancing the consolidation of the
context learning in this pathway. However, it remains possible
that an effective frequency exists, as different frequencies of activ-
ity may be important for different types of learning. Using 4-sec
trains of 20 Hz light pulses (to match number of light pulses in
2-sec trains of 40 Hz stimulation) had no effect and implies that
it is the frequency, and not the number of light pulses, that is im-
portant for the enhanced retention observed with bursts of 40 Hz
light pulses. Nonetheless, effective parameters for other down-
stream targets may differ. Although a 3-h post-training control ex-
periment was conducted for the inhibition work in order to
exclude the possibility that the inhibition was producing long-
lasting dysfunction in the circuit, we did not perform a similar
control with the stimulation experiments, as studies using phar-
macological manipulations to produce memory enhancement
do not observe effects on retention when given 3 h after training
(McGaugh and Roozendaal 2009). Nonetheless, although unlike-
ly, it is possible that the stimulation-induced memory enhance-
ment occurred as a result of effects of the stimulation on
performance during the retention test 2 d later, rather than on
the memory consolidation.

In contrast to our previous work indicating that immediate
post-training BLA inhibition impairs retention of inhibitory
avoidance learning, the present study found that 15 min of inhi-
bition given 25 min after training, but not immediately after
training, impaired retention of the footshock learning. As we
have observed, both in the present study and in our past work
(Huffetal. 2013), that connecting a rat to the optical tether imme-
diately after training reduces latencies in sham-control rats, rela-
tive to connections following a delay, this findings may reflect a
“floor effect”, in which latencies were too low in the control group
to observe an impairment. Alternatively (and perhaps in concert
with the floor effect), the present results may reflect the impor-
tance of activity in the BLA or this pathway specifically following
a delay after training. Indeed, previous work suggests that emo-
tional arousal during training leads to sustained enhancement
in BLA activity for at least 30 min following stimulus presentation
(Pelletier et al. 2005) and that inhibitory avoidance training in-
duces peak norepinephrine release in the amygdala ~30 min after
training (McIntyre et al. 2002).

In contrast to many CFC studies that use freezing as the index
of retention, retention in the current study was assessed via laten-
cy to cross from the illuminated compartment to the dark com-
partment. Because any increase in freezing would be reflected by
increases in retention latencies, the use of latencies as the index
of retention provides a broad measure to capture differences in
memory. Nonetheless, it remains possible that our measure of re-
tention may have failed to detect a group difference in behavior
during the retention test. It is also possible that other retention
measures may reflect different components of the memory that
were separately modulated and yet were not observable in our par-
ticular paradigm.

Conclusions

The present study strongly indicates that the BLA projections to
the VH play a dissociable role in memory consolidation, as our
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results suggest that post-training optical stimulation and inhibi-
tion of this pathway enhanced and impaired, respectively, the re-
tention of the footshock learning. Such manipulations, however,
had no effect on the retention of the context learning. These find-
ings are, to our knowledge, the first to provide direct support for
the long-held hypothesis that the modulation of memory consol-
idation by the BLA for so many different kinds of learning occurs
through distinct efferent pathways from the BLA to downstream
regions.

Materials and Methods

Subjects

Male Sprague-Dawley rats (225-250 g at time of first surgery;
Charles River; n=265) were single housed in a temperature-
controlled environment under a 12-h standard light/dark cycle
(lights on at 06:00) and allowed to acclimate to the vivarium at
least 3 d before surgery. Food and water were available ad libitum
throughout all training and testing. All procedures were in com-
pliance with NIH guidelines for care of laboratory animals and ap-
proved by the University of Iowa Institutional Animal Care and
Use Committee.

Surgery

One week after arrival, rats were anesthetized using ketamine HCL
(100mg/kg, i.m.) and xylazine HCI (6 mg/kg, i.m.) and placed in a
stereotax (Kopf Instruments). Rats received virus microinjections
[0.35 uL; rAAVS-CaMKIIa-hChR2(E123A)-eYFP, the ChR2(E123A)
control rAAV5-CaMKIla-eYFP, rAAVS5-CaMKIla-eArchT3.0-GFP,
or the eArchT3.0 control rAAVS5-CaMKIla-GFP; University of
North Carolina Vector Core] delivered bilaterally through a
33-gauge needle into the BLA (coordinates: 2.6 mm posterior
and 4.9 mm lateral to Bregma and 8.3 mm ventral to skull surface).
The CaMKIla promoter limits gene expression to BLA glutamater-
gic cells (Tye et al. 2011). Following the virus injection, injectors
were left in place for >5 min to permit diffusion.

To allow sufficient time for opsin expression along the axons
to the VH prior to the start of behavioral training, rats underwent
a second surgery 4 wk after the first in which fiber optic probes
were bilaterally implanted, aimed at the VH (coordinates:
5.2 mm posterior and 5.5 mm lateral to Bregma and 7.5 mm ven-
tral to skull surface) and secured by surgical screws and dental
acrylic. Coordinates were based on those areas of VH innervated
by the BLA (based on Pitkdnen 2000 and modified empirically).
The rats were given 1 wk to recover from surgical procedures be-
fore behavioral training began.

Optical stimulation or inhibition

Stimulation experiments used CaMKIla-hChR2(E123A)-eYFP and
its respective control CaMKIIa-eYFP. This “ChETA” variant allows
for faster off-kinetics and reliable stimulation up 200 Hz
(Gunaydin et al. 2010; Yizhar et al. 2011). The constructs used
in inhibition experiments were CaMKIla-eArchT3.0-GFP and its
respective control CaMKIla-GFP. This modification of the out-
ward proton pump ArchT allows for increased trafficking to the
membrane, improved expression along the axon, and more rapid
activation (Han et al. 2011; Mattis et al. 2012). To enable sufficient
time for robust opsin expression, illumination of BLA axons in the
VH was conducted at least 5 wk after viral injection. Figure SA
shows a schematic of viral injection placement, a 5 wk incubation
period, and fiber optic probe placement.

Optical probes were constructed in which the fiber optic was
glued into a stainless steel ferrule assembly with one side extend-
ing out of the end of the ferrule implanted into tissue (modified
from Sparta et al. 2012). The opposing side of the optical probe
was polished and connected to a fiber optic leash via a ceramic
split sleeve. The leash’s other end (FC/PC connection) was thread-
ed through a metal leash to protect the fiber from being damaged
by the rat and attached to a 2:1 splitter allowing bilateral illumina-
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tion. The splitter’s single end was attached to an optical commu-
tator (Doric Lenses) allowing free rotation of the optic leashes
connected to the rat. An insulated optical fiber connected the
commutator to the appropriate laser source (DPSS, 300 mW, 473
nm for ChR2(E123A) or 561 nm for eArchT3.0), with a multimode
fiber coupler for an FC/PC connection. Light output was adjusted
to allow for 10 mW at the fiber tip based on previous work
(Gradinaru et al. 2009; Yizhar et al. 2011; Deisseroth 2012; Huff
et al. 2013), as measured by an optical power meter. In all cases,
the comparison control was a “sham-control” that had opsin ex-
pression but for which no illumination was provided except for
one case (see below). Illumination was provided continuously
(eArchT3.0 experiments) or was controlled by a Master-8 stimula-
tor (ChR2(E123A) experiments; as noted in individual experi-
ments) in a separate holding chamber following training. All
stimulation and inhibition was given bilaterally.

Behavioral training
Rats were handled individually 1 min per day for 3 d prior to the
start of training. All experiments used a standard inhibitory avoid-
ance chamber, as depicted in Figure 1A. The apparatus was a
trough-shaped box divided into two sections: one-third made of
white plastic and illuminated (30 cm) while the second two-thirds
(60 cm) was stainless steel and darkened. The dark chamber had a
stainless steel bottom and was connected to a shock generator and
timer, controlled by the experimenter. A stainless steel door, capa-
ble of being retracted through the floor, divided the two sides.
Substantial evidence from CFC studies indicates that a brief
footshock with minimal time spent in a context produces poor re-
tention of the training, an effect reversed by exposure to the con-
text before the footshock (Fanselow 1986, 1990; Kiernan and
Westbrook 1993; Landeira-Fernandez et al. 2006). Although the
context and footshock are usually presented together, it is possi-
ble to present context and footshock training on separate days, al-
lowing investigation of the separate mnemonic components of
the task. Therefore, the current experiments utilized a modified
CFC task, which has been described previously and successfully
used to produce dissociation of context and footshock learning
(Liang 1999; Malin and McGaugh 2006). Briefly, rats first under-
went context training in which they were placed in the illuminat-
ed side and allowed to freely explore the entire apparatus for 3 min
(day 1). The following day, rats were confined to the darkened side
of the chamber and received an immediate inescapable footshock
(day 2; time in chamber <15 sec). Footshock parameters varied
between stimulation (a single 1 mA, 1-sec footshock) and inhibi-
tion (single 1 mA, 2 sec or two 1 mA, 1-sec footshocks) experi-
ments to prevent ceiling and floor effects, respectively. After
either context (day 1) or footshock (day 2) training, rats received
optical stimulation or inhibition of BLA axons in the VH in a sep-
arate holding chamber. Specific parameters are noted in individu-
al experiments. Retention was tested 2 d later (day 4) when rats
were again placed in the illuminated compartment and allowed
free access to the entire apparatus. Latency to cross into the dark-
ened compartment (maximum 600 sec) was used as the index of
retention.

ChR2(E123A) experiments

Immediately after either context or footshock training, rats that
had been injected with the ChR2(E123A) virus received 15 min
of optical stimulation of the BLA — VH pathway using the follow-
ing parameters: 2-sec trains of either 20, 40, or 80-Hz light pulses
(pulse duration = 5 msec), given every 10 sec as used previously
(Huff et al. 2013) or, in one experiment, 4-sec trains of 20-Hz light
pulses (pulse duration = 5 msec). For most experiments, the con-
trol group was a “sham-control” that received no illumination.
However, in the main experiment, rats that had been injected
with the eYFP control virus also received trains of 40-Hz light
pulses.

Based on positive results, several control experiments were
conducted, most of which used only the effective stimulation pa-
rameters from the main experiment. We investigated whether the
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results with the 40-Hz light pulses were due to the number of puls-
es, rather than the frequency of the pulses. Therefore, a group of
rats received 20-Hz light pulses extended to 4-sec trains (twice
the original 20-Hz train length), every 10 sec over 15 min imme-
diately following footshock training. In a different control exper-
iment, a group of rats received exposure to an alternate context
(an operant chamber) on day 1 and 15 min of trains of 40 Hz puls-
es following footshock in the darkened side of the inhibitory
avoidance chamber on day 2. Other rats that had received the
ChR2(E123A) virus underwent CFC training but received no foot-
shock during training followed by 15 min of trains of 40-Hz puls-
es, identical to those of the main experiment.

eArchT3.0 experiments

Complementary loss-of-function experiments were conducted to
investigate the “necessity” of the BLA — VH pathway for consoli-
dation. Rats expressing eArchT3.0 received continuous optical in-
hibition of the BLA — VH pathway for 15 min following context
or footshock training, with different delays following the training.
Because it was possible that the optical manipulations for the in-
hibition experiments were producing long-lasting dysfunction in
the BLA — VH circuit that was responsible for the reduced laten-
cies at the retention test, we conducted a control experiment in
which the manipulation was given 3 h after training, when the
consolidation window is typically observed to be closed
(McGaugh and Roozendaal 2009). We did not conduct a similar
control experiment with the stimulation study, as it was consid-
ered unlikely that dysfunction in the circuit created by stimula-
tion was responsible for the observed increase in latencies at the
retention test. Prior studies using pharmacological manipulations
to produce memory enhancement have typically not observed ef-
fects with 3 h post-training manipulations (LaLumiere et al. 2004;
McGaugh and Roozendaal 2009)

Electrophysiological verification

Electrophysiological activity was gathered to confirm that hippo-
campal neurons could be influenced by optogenetic manipula-
tion of projections from the BLA to the VH (n=4). Rats were
initially anesthetized with 4% isoflurane followed by i.p. injec-
tions of ketamine (100 mg/kg) and xylazine (10 mg/kg). The scalp
was retracted and the skull leveled between Bregma and Lambda.
Craniotomies were made at target sites in the right hemisphere.
For a given rat, two sites could be optogenetically targeted to ma-
nipulate either BLA cell bodies or axons in the VH.

For verification of axon stimulation, one fiber-optic cannula
was aimed at the terminal fields of BLA neurons in the VH
(5.1 mm posterior, 3.7 mm lateral, and 7.4 mm ventral to
Bregma, at a 10° angle in the lateral plane). For verification of in-
hibition, one fiber-optic cannula was lowered and fixed in place
with cyanoacrylate (SloZap; Pacer Technologies) accelerated by
ZipKicker (Pacer Technologies) and with methyl methacrylate
(i.e., dental cement; A-M Systems). This cannula was aimed at
cell bodies of BLA neurons (2.6 mm posterior, 3.1 mm lateral,
and 8.8 mm ventral to Bregma, at 12° angle in the anterior plane)
and was attached by patch cable (Doric) to a 473-nm laser
(OptoEngine) driven by a pulse generator (custom-made in the
Narayanan lab). The second site inhibited the terminal fields of
BLA neurons in the VH (5.1 mm posterior, 3.7 mm lateral, and
7.4 mm ventral to Bregma, at a 10° angle in the lateral plane).
This cannula was attached to a patch cable (Doric) and a
561-nm laser (OptoEngine) and was held in place during the re-
cording session by one of the two stereotactic arms. A third crani-
otomy was for a microwire electrode targeting layer CA1 of the VH
(AP —5.1, ML £ 7.1, DV —7.9 at 10° in the lateral plane). Record-
ing was done with 2 x 8 multielectrode arrays of 75-um tungsten
wires (250 pm between wires and rows; impedance measured in
vitro at 1000 kQ); MicroProbes for Life Science). A final craniotomy
was a small hole drilled for insertion of the ground wire.

Once the electrode was lowered into location in the VH, po-
tential neuronal units were identified on-line using an oscillo-
scope and audio monitor. Neuronal recordings were made using
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a multi-electrode recording system (Plexon). After a pause to en-
sure that the recording was stable, the following optogenetic pro-
tocol was initiated in order to determine whether VH cells
responded to BLA stimulation and inhibition. Stimulation was
provided 5 min at a time with no light, 20, or 40 Hz pulses of
473 nm light either alone or in combination with continuous
561 nm light.

Data analysis

Retention latencies for all behavioral experiments were analyzed
using either a t-test or a one-way ANOVA with a Tukey post hoc
test. P<0.05 was considered significant. All measures are ex-
pressed as mean + SEM, and each group’s n is indicated in the fig-
ure below its respective bar.

Neurophysiological recordings

Neuronal ensemble recordings in the VH were made using a
multi-electrode recording system (Plexon). Putative single neuro-
nal units were identified on-line using an oscilloscope and audio
monitor. The Plexon off-line sorter was used to analyze waveforms
off-line and to remove artifacts. Principal component analysis
(PCA) and waveform shape were used for spike sorting. Single
units were identified as having (1) consistent waveform shape,
(2) separable clusters in PCA space, (3) average amplitude estimat-
ed at least three times larger than background activity, (4) a con-
sistent refractory period of at least 2 msec in interspike interval
histograms, and (5) consistent firing rates around optical stimula-
tion (as measured by a runs test of firing rates across trials around
optical stimulation; neurons with |z| scores >4 were considered
“nonstationary” and were excluded). Spike activity was analyzed
for all cells that fired at rates above 0.1 Hz. Analysis of neuronal ac-
tivity and quantitative analysis of basic firing properties were car-
ried out using NeuroExplorer (Nex Technologies), and with
custom routines for MATLAB.

Verification of opsin expression and histology

Rats were killed with an overdose of sodium pentobarbital
(100 mg/ml; i.p.) and then perfused transcardially with phos-
phate-buffered saline (PBS, pH 7.4) followed by PBS containing
4% paraformaldehyde. Brains were removed and stored at room
temperature in 4% paraformaldehyde PBS for 24-48 h until
sectioning. The brains were coronally sectioned (50 wm) on a
vibratome and mounted onto either gelatin-subbed slides for
staining or stored in anti-freeze solution at —20°C until immuno-
histochemical procedures began. Verification of optic probes’
placement was performed with a standard Nissl stain preparation
(Cresyl violet) and light microscopy according to the Paxinos and
Watson atlas (2005). Expression in the cell bodies and axons in the
VH was verified using immunohistochemistry procedures, as de-
scribed previously (Huff et al. 2013; Stefanik et al. 2013). GFP/
eYFP expression was assessed using a light microscope.
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