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Molecular motor KIF3B in the prelimbic 
cortex constrains the consolidation 
of contextual fear memory
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Abstract 

Molecular and cellular mechanisms underlying the role of the prelimbic cortex in contextual fear memory remain 
elusive. Here we examined the kinesin family of molecular motor proteins (KIFs) in the prelimbic cortex for their role 
in mediating contextual fear, a form of associative memory. KIFs function as critical mediators of synaptic transmission 
and plasticity by their ability to modulate microtubule function and transport of gene products. However, the regula-
tion and function of KIFs in the prelimbic cortex insofar as mediating memory consolidation is not known. We find 
that within one hour of contextual fear conditioning, the expression of KIF3B is upregulated in the prelimbic but not 
the infralimbic cortex. Importantly, lentiviral-mediated knockdown of KIF3B in the prelimbic cortex produces deficits 
in consolidation while reducing freezing behavior during extinction of contextual fear. We also find that the depletion 
of KIF3B increases spine density within prelimbic neurons. Taken together, these results illuminate a key role for KIF3B 
in the prelimbic cortex as far as mediating contextual fear memory.
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Introduction
Due to the prevalence of, and lack of effective treatments 
for, fear-based disorders such as posttraumatic stress dis-
order (PTSD), there is a heightened interest and a clini-
cal relevance found in understanding the neural basis 
of fear memory regulation. Traditionally, Pavlovian fear 
conditioning and extinction have been used to study the 
neural regulation of fear responses [1–3]. Contextual fear 
conditioning (CFC) is a learning paradigm in which an 
association is formed between a context and a mild elec-
tric foot shock called the unconditioned stimulus (US) 
[2]. This differs from extinction learning, where repeated 
presentations of a conditioned stimulus (CS) without the 

unconditioned stimulus (US) lead to a gradual decrease 
in the conditioned response (CR) [4, 5]. Extinction is a 
form of new inhibitory learning that is context-depend-
ent [5].

A large body of research has implicated the medial 
prefrontal cortex in fear memory [6–16]. The medial 
prefrontal cortex is divided into two major subregions: 
the prelimbic (PrL) and infralimbic (IL) cortices. Trac-
ing and lesion studies have found that these subre-
gions appear to have opposing roles in the context of 
fear memory expression and extinction. For instance, 
Burgos-Robles et al. found that activity of PrL neurons 
correlated with freezing behavior occurring during 
cued fear conditioning [17]. In addition, microstimu-
lation of the PrL resulted in enhanced freezing during 
fear expression and extinction [18]. Similarly, PrL inac-
tivation blocked the expression of learned fear [19, 20]. 
These findings greatly differ from those characterizing 
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the IL. Early work from Milad and Quirk, for instance, 
found that neurons in the IL fire during the CS pres-
entation only after the CS-US association has been 
extinguished [12]. Likewise, inactivation of the IL with 
muscimol prevented the acquisition and retention of 
extinction memory [19]. These studies demonstrate 
that the PrL appears to control fear expression [9, 20–
22] while the IL appears to promote fear extinction [6, 
18, 21, 23, 24].

Though there is a great deal of literature regarding 
the contribution of the PrL to fear memory expression, 
the underlying molecular mechanisms that support 
the consolidation of these memories remain poorly 
understood. We recently showed that encoding of con-
textual memories induces new protein synthesis, and 
that inhibition of translation, or Homer3, in the PrL 
produces deficits in the consolidation of contextual 
fear [25]. To better understand the molecular under-
pinnings of the PrL in contextual fear, we searched for 
known regulators of synapse function and morphogen-
esis, as it is well known that learning requires struc-
tural changes at the synapse [26–28].

It has been broadly demonstrated that KIFs are 
important for structural plasticity [29–31] as well as 
memory [31–33]. Our own lab demonstrated that 
KIF11 KD (knockdown) in hippocampal neurons 
increased dendritic branching without a change in 
spine density [29]. Similarly, it has been shown that 
knockdown of KIF3B in cortical neurons causes an 
increase in dendritic arborization, with an increase in 
mushroom and thin spines as well [30]. In contrast, 
KIF21B KD neurons have reduced dendritic branching 
[31], which also includes a reduction in mushroom and 
stubby spines. It is worth noting that KIF21B-null mice 
display memory deficits [31], and that KIF17 knock-
out mice also exhibit impairments in several different 
memory types. These findings comprehensively high-
light the interplay between structural plasticity and 
memory.

In this manuscript, we show that the expression 
of KIF3B is upregulated in the PrL and that  CFC  is 
impaired with KIF3B knockdown. In addition, we 
found that KIF3B knockdown within the PrL reduces 
freezing during extinction learning, and we also 
observed that KIF3B depletion increases spine density 
in the PrL.

Results
Contextual fear conditioning results in an upregulation 
of the expression of KIF3B mRNAs in prelimbic neurons
To identify KIFs that could play a unique role in contextual 
fear memory, we selected 12 KIFs based on their expres-
sion in the brain as well as their previously known func-
tions. This included those involved in cargo transport (i.e., 
KIF3A, 3B, 5A, 5B, 5C, 17) [33, 34] and microtubule regu-
lation (i.e., KIF 11, 21A and 21B) [29, 35–37]. Recalling our 
previous study in the sea slug Aplysia, which indicated that 
KIFs are physiologically upregulated during learning [32], 
we reasoned that learning and memory may also regulate 
the expression of specific KIFs within the PrL. To test this 
hypothesis, we employed qRT-PCR to determine whether 
the KIFs’ expression would be altered with CFC.

To carry out this screen, nine-week-old C57Bl6/J mice 
underwent CFC. One hour later, the mice were sacrificed, 
the brains sectioned, and the entire PrL was isolated via 
laser capture microdissection (LCM) of brain slices. Total 
RNAs were isolated from LCM sections and analyzed by 
qRT-PCR (Fig.  1A). We found that, of the kinesins that 
were tested, KIF3B expression in the prelimbic cortex was 
significantly upregulated when the CFC group (2.03 ± 0.40) 
was compared to both shock- (0.95 ± 0.14) and context-
only controls (1.00 ± 0.09) (one-way ANOVA, Tukey post-
hoc test, F2,9 = 6.651 *p < 0.05, Fig. 1B). KIF3B is a mitotic 
KIF whose functions in post-mitotic neurons, particularly 
in the PrL, remains poorly understood.

To assess the specificity of the regulation of KIFs by CFC, 
we next examined the expression of a subset of KIFs in the 
infralimbic cortex (IL). These KIFs were selected based 
on their significant upregulation in fear conditioned ani-
mals compared to shock alone and context alone controls. 
Interestingly, we did not find an upregulation of these KIFs 
in the RNAs isolated from LCM sections containing IL 
(CFC group 1.205 ± 0.10 and shock-only 1.103 ± 0.03 and 
context-only 1.00 ± 0.11, one-way ANOVA, F2,11 = 1.348 
p > 0.05, Fig.  1C). Taken together, these results indicate 
KIF3B is selectively upregulated in the prelimbic cortex fol-
lowing CFC.

Knockdown of KIF3B within the PrL has no effect 
on general locomotion or anxiety‑like behavior
The upregulation of KIF3B suggested that KIF3B expres-
sion might be critical for contextual fear memory. There-
fore, we assumed that depletion of KIF3B could inhibit 
consolidation of contextual fear. To deplete KIF3B within 

(See figure on next page.)
Fig. 1  Expression of KIF3B is upregulated within the PrL during the consolidation of contextual fear memory. A Experimental schema. B Analysis of 
kinesin expression from RNA derived from tissue of the PrL 1 h after contextual fear conditioning. Ct values were normalized to 18 s RNA for dCT and 
ddCT was calculated relative to the shock group levels. One-way ANOVA; *p < 0.05 with Tukey post-hoc test, $p < 0.05 vs. context; *p < 0.05 vs. shock; 
error bars are SEM. N = 3–5 per group. C Analysis of kinesin expression of RNA derived from tissue of the IL 1 h after contextual fear conditioning. 
Data used for preparing plots are shown in Additional file 1: Table S1
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Fig. 1  (See legend on previous page.)
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the PrL, we prepared lentiviral particles expressing KIF3B 
shRNA (LV-shKIF3B-eGFP) driven by a CMV promoter. 
Lentiviral particles expressing non-targeting scrambled 
shRNA (LV-shScrambled-eGFP) were used as a control. To 
begin, we assessed the in-vivo efficacy of lentiviral particles 
in knocking down KIF3B in the PrL.

Briefly, we injected lentiviral particles of either KIF3B 
shRNAs or controls into the PrL of nine-week-old mice 
(Fig. 2A). Four weeks after the injections, the mice were 
sacrificed, and RNAs were isolated from tissue punches 
obtained from the PrL (Fig.  2B). As seen in the bar 
graph, we found that KIF3B expression was significantly 
reduced with LV-shKIF3B-eGFP injection (shKIF3B-LV 
0.68 ± 0.09 and shScrambled-LV 1.00 ± 0.10, Student’s t 
test, t6 = 2.448 *p < 0.05) (Fig. 2C).

We then evaluated whether knockdown of KIF3B 
within the PrL produced any deleterious effect on the 
animals by assessing general locomotion and anxiety-like 
behavior. Four weeks after stereotaxic injection of KIF3B 
shRNA or control lentiviral particles into the PrL, mice 
underwent an open field test (OFT) for 30 min. Analysis 
of the velocity and total distance travelled revealed that 
shKIF3B-injected mice did not differ from shScrambled-
injected mice in general locomotion (velocity: shKIF3B 
5.36 cm/s ± 0.28 and shScrambled 5.53 cm/s ± 0.27, Stu-
dent’s t test, t16 = 0.456) (total distance travelled: shKIF3B 
9662  cm ± 518.2 and shScrambled 9954  cm ± 489.7, 
Student’s t test, t16 = 0.4101) (Fig.  2D, E). For anxiety-
like behavior, shKIF3B mice compared to control mice 
did not differ in preference for the periphery (shKIF3B 
266 s ± 4.048 and shScrambled 254.1 s ± 8.437, Student’s 
t test, t16 = 1.273) or the center (shKIF3B 33.52 s ± 4.019 
and shScrambled 40.22  s ± 7.773, Student’s t test, 
t16 = 0.7657) (Fig. 2F, G). This data indicates that knock-
down of KIF3B within the PrL does not interfere with 
locomotion nor does it induce anxiety-like behavior.

KIF3B knockdown within the PrL impairs long‑term 
memory consolidation
We next assessed whether KIF3B knockdown might 
interfere with the consolidation of contextual fear. To 
test this, shKIF3B-LV injected mice underwent CFC 
(Fig. 3A). Mice injected with the LV-shScrambled-eGFP 
particles were used as a control.

After 24 h of conditioning, fear memory was assessed 
by measuring the freezing response against the context 
to which the mice were previously exposed. We found 
that freezing was significantly impaired in shKIF3B-
injected mice as compared to control mice (shKIF3B 
22.99% ± 3.228 and shScrambled 38.73% ± 6.559, Stu-
dent’s t test, t13 = 2.243 *p < 0.05; two-way ANOVA with 
Sidak post-hoc test, F1,13 = 5.037 *p < 0.05, Fig.  3B–D), 
suggesting the important role that KIF3B plays in the 
consolidation of long-term fear memory.

To determine whether the decreased freezing found 
in the shKIF3B-injected mice was due to impaired 
acquisition of fear memory rather that consolidation 
of fear memory, short term memory acquisition was 
assessed in shKIF3B-LV and scrambled shRNA mice 
1  h after CFC [25]. We found that acquisition was not 
affected in shKIF3B-injected mice as compared to con-
trol mice (shKIF3B 46.67% ± 7.116 and shScrambled 
29.88% ± 6.404, Student’s t test, t13 = 1.744 p = 0.1068; 
Fig. 3E) suggesting that KIF3B functions in the consolida-
tion of long-term fear memory rather than its acquisition.

Knockdown of KIF3B within the PrL impairs freezing 
during extinction training
Compelled by recent studies suggesting the PrL’s role 
in the extinction of contextual fear [7], we next studied 
how KIF3B depletion in the PrL might impact extinction. 
Activation of excitatory projections from the PrL to the 
IL appears to enhance fear extinction [7]. However, the 
molecular underpinnings of this circuit’s ability to regu-
late extinction remain unknown. To assess the role of 
KIF3B expression in the PrL as it pertains to extinction, 
we carried out mass extinction training of KIF3B shRNA-
injected as well as control mice. Mice were then subjected 
to a 30-min extinction session 24 h after fear condition-
ing (Fig.  4A). Over six five-minute blocks, the freezing 
of the KIF3B group was significantly reduced compared 
to the control group (repeated-measures ANOVA, Sidak 
post-hoc test, F1,13 = 6.284 *p < 0.05) (Fig. 4B). This signif-
icance was particularly pronounced in the early and late 
phases of extinction (i.e., the first and last five minutes of 
the session).

Next, to determine whether the extinction memory 
was consolidated, a recall test was performed 24 h after 
the massed extinction trial. In this recall test, there 

Fig. 2  Lentiviral particles expressing KIF3B shRNA in the PrL do not impact locomotor activity or produce anxiety. A Representative confocal 
images of the prelimbic cortices of C56Bl/6 mice injected with 200nL of sh-KIF3B-LV. Virus expressed for four weeks. Enlarged inset (right) shows 
neuronal-specific labeling. Scale 500 µm, 50 µm. B Experimental schema. C qRT-PCR analysis of RNA from tissue of the PrL after four weeks of virus 
expression of shKIF3B. Ct values were normalized to 18 s RNA for dCT and ddCT was calculated relative to the shScambled group levels. Student’s t 
test. *p < 0.05. Error bars are SEM. N = 4 per group. D–G Mice were injected with shScrambled-LV and shKIF3B-LV. After four weeks, mice underwent 
the open field test. Student’s t test. *p < 0.05. Error bars are SEM. N = 9 per group. F, G Measure of anxiety-like behavior during the first five minutes 
of the open field test. Data used for preparing plots are shown in Additional file 1: Table S2

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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was no difference in freezing between groups (shKIF3B 
8.7% ± 1.97 and shScrambled 11.56% ± 2.40, Student’s t 
test, t13 = 0.93) (Fig.  4C). This therefore indicates that 
both groups could retain the extinction memory, indi-
cating that KIF3B depletion alters the freezing behavior 
of mice during extinction training without any effect on 
extinction recall.

Knockdown of KIF3B within the PrL increases spine density
To assess whether deficits in memory due to KIF3B 
depletion can be attributed to a structural change in 
prelimbic neurons, we next carried out dendritic imag-
ing analysis in the prelimbic cortex. Previous studies 
have shown that KIF3B plays a role in the structural 
morphology of neurons [30, 38], and work from our 
lab has found that KIF3B knockdown in cortical neu-
rons causes an increase in dendritic arborization [30]. 
We have also found that KIF3B depletion increases the 

Fig. 3  KIF3B knockdown impairs the consolidation of contextual fear memory. A Timeline of the behavioral protocol with open field test on day 
one and contextual fear conditioning on day three. B Conditioning data, C Long-term memory test, Quantification of the freezing response to the 
context 24 h after fear conditioning. Student’s t test. *p < 0.05. Error bars are SEM. N = 7 per group. D Line graph depicting freezing response to the 
context 24 h after fear conditioning. Repeated-measures ANOVA; *p < 0.05 with Sidak post-hoc test. Error bars are SEM. N = 7 per group. Data used 
for preparing plots are shown in Additional file 1: Table S3. E KIF3B knockdown has no effect on short-term memory acquisition. Histogram of the 
freezing response during the short-term memory test performed 1 h. after contextual fear conditioning. Student’s t test. p > 0.05. Error bars are SEM. 
N = 8 (shScrambled) and 6 (shKIF3B). Data used for preparing plots are shown in Additional file 1: Table S3
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number of mushroom and thin spines [30]. Alsabban 
et  al. found a similar increase in mushroom spines of 
dissociated hippocampal neurons from KIF3B mutant 
mice [38]. Cognizant of this work, we hypothesized that 
KIF3B knockdown would alter the spine density of cor-
tical neurons in  vivo, then began testing this concept 
by performing confocal imaging of dendrites from the 
PrL. We primarily focused on the layers 2/3 and 5/6 of 
the prelimbic cortex, as pyramidal neurons in the L2/3 
are known to receive strong inputs from the BLA [39], 
a vital area in fear conditioning and fear extinction. 
Quantitative analysis of the images showed that KIF3B 
knockdown significantly increased the spine density of 
PrL neurons (shKIF3B 3.647 ± 0.40 and shScrambled 

2.241 ± 0.42, Student’s t test, t28 = 2.36 *p < 0.05) 
(Fig. 5A, B), validating our hypothesis.

Discussion
Molecular and cellular mechanisms underlying memory 
consolidation remain elusive. Despite our understanding 
of the key role of PrL in contextual fear memory consoli-
dation [25], the molecular mechanisms underlying the 
PrL’s function remain unclear. Here, we have investigated 
the role of KIFs in prelimbic neurons during the consoli-
dation of contextual fear. It has been shown that KIFs are 
physiologically regulated in sensory and motor neurons 
of gill withdrawal reflex of sea slug Aplysia [32, 40] and 
that expression of KIF5C in CA1 neurons of dorsal hip-
pocampus hinder the consolidation of contextual fear 
memory [41]. However, the role of KIFs in PrL neurons in 
mediating memory consolidation is not known.

We first examined whether CFC could modulate the 
expression of KIFs. Consistent with our earlier findings 
on the regulation of specific KIFs in Aplysia [32] and 
mouse hippocampus [41], we found that among the 12 
KIFs studied, KIF3B and KIF5A were upregulated in the 
prelimbic cortex after CFC, but not in the infralimbic 
cortex (Fig. 1). Taken together, these results suggest neu-
ronal-specific regulation of KIFs during learning. Guided 
by our earlier work identifying KIF3B as a key regulator 
of neuronal morphology [30], we focused on KIF3B and 

Fig. 4  KIF3B knockdown impairs freezing during extinction training. 
A Timeline of the behavioral protocol with extinction training on day 
four and extinction recall test on day five. B Line graph depicting rate 
of extinction during day four. Repeated-measures ANOVA; *p < 0.05 
with Sidak post-hoc test. Error bars are SEM. N = 7 for each group. 
C Histogram of freezing behavior during the extinction recall test. 
Student’s t test. *p < 0.05. Error bars are SEM. N = 7 per group. Data 
used for preparing plots are shown in Additional file 1: Table S4

Fig. 5  KIF3B knockdown increases the spine density of PrL neurons. 
A Representative confocal image of dendritic segments from the 
PrL of virus-injected mice after extinction recall. B Quantification of 
spine density. Student’s t test. *p < 0.05. Error bars are SEM. N = 12–18 
per group. Scale 5 µm. Data used for preparing plots are shown in 
Additional file 1: Table S5
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carried out loss-of-function studies in the PrL. We have 
previously shown that KIF3B depletion in cortical neu-
rons enhances dendritic architecture, a similar finding to 
that observed with KIF11 depletion [29], and that KIF3B 
depletion also causes an increase in mushroom and thin 
spines [30].

Consistent with our assumption that KIFB upregula-
tion could prove critical for the consolidation of con-
textual fear, KIF3B depletion in the PrL impaired the 
consolidation of contextual fear memory, while leaving 
locomotion and the acquisition of fear memory intact 
(Fig. 3). KIF3B depletion also did not induce anxiety-like 
behavior (Fig. 3). Furthermore, KIF3B depletion appears 
to reduce freezing during extinction training, but not 
during extinction recall (Fig.  4). These results suggest 
that KIF3B promotes the consolidation of contextual fear 
memory, while it may also inhibit extinction learning.

It is important to note that given the degree of impair-
ment in fear consolidation, the impaired freezing during 
extinction learning could be due to a weakening of the 
fear memory. This possibility is noteworthy considering 
that extinction recall was not affected. Additional studies 
in which KIF3B is depleted immediately before extinction 
training would be required to determine the exact impact 
of KIF3B on extinction. Since the behavior training was 
conducted 4  weeks after lentivirus injections, manipu-
lation of KIF3B just prior to extinction training was not 
possible in this study.

KIF3B could be mediating the observed behavioral 
effects by impeding spine density. It is important to recall 
that the PrL receives robust projections from the baso-
lateral amygdala [39], as well as from the dorsal [42] and 
ventral [43] hippocampus. The hippocampus relays criti-
cal contextual information to the prelimbic cortex. There-
fore, the impaired freezing observed in our studies could 
be due to a disruption of these circuits, as evidenced 
by the altered spine density in PrL neurons with KIF3B 
knockdown. It remains to be determined how structural 
changes in KIF3B-deficient neurons impact PrL and 
IL projections that modulate fear expression and fear 
extinction, respectively. Furthermore, due to technical 
limitations, we were unable to determine the morphology 
of the spines in PrL neurons after KIF3B depletion. This 
would be interesting to study in future work as previous 
studies have found that KIF3B knockdown increases the 
number of mushroom and thin spines [30, 38].

Our spine findings are in line with previous research. 
It has been demonstrated that fear conditioning and 
extinction have opposing effects on dendritic spine 
remodeling [44, 45], with Lai et al. showing that fear con-
ditioning induces dendritic spine elimination whereas 
extinction increases spine formation. This raises the pos-
sibility that the observed impairment in fear conditioning 

could be due to a failure to eliminate spines under KIF3B 
knockdown.

There are several neurological disorders in which 
extinction failure is a prominent feature. These disorders 
include PTSD, which is characterized by intrusive and 
aversive thoughts that are resistant to extinction [46]. 
The current prevalence of disorders like PTSD provides 
a strong clinical relevance for understanding the neural 
underpinnings of fear memory formation and extinc-
tion. The results presented here raise the possibility that 
KIF3B depletion could be leveraged therapeutically to 
either impair traumatic fear memories or promote their 
extinction. This has the potential to lead to the ultimate 
abolishment of traumatic fear memories. One logical 
question that subsequently arises here is whether KIF3B 
knockdown can block traumatic memories and enhance 
extinction in animal models of PTSD.

Conclusions
In summary, our data represent a significant initial step 
to delineate the mechanisms within the PrL involving 
the expression and extinction of contextual memories. 
These data provide confirmation for the transcriptional 
regulation of KIFs in the PrL and offers early proof impli-
cating KIFs in extinction. This work also contributes to 
the growing body of evidence suggesting that the PrL 
is actively involved in extinction [7]. Finally, this work 
is the first to show that KIF3B is involved in the regula-
tion of contextual fear memory, opening an avenue for 
additional studies on KIFs aimed at solving the major 
clinical and societal burden posed by PTSD and similar 
conditions.

Materials and methods
Animals
Nine to 12-week-old male C57BL6/J mice (Jackson Labo-
ratories, Bar Harbor, ME) were housed in groups of four 
or five on a 12-h light/dark cycle with ad libitum access to 
food and water. All experiments were performed during 
the light phase of the diurnal cycle.

Laser capture dissection
The laser capture microdissection was carried out as 
described in Kadakkuzha et  al. [47]. Nine-week-old 
C57BL6/J mice underwent contextual fear conditioning. 
One hour later, the mice were sacrificed, and the brains 
were freshly frozen in OCT compound. The brains were 
then sectioned at 14 µm on a Leica 3050 s cryostat, sav-
ing every other section throughout the prefrontal cor-
tex. Sections were immediately mounted unto PEN 
membrane slides. Next, the sections were stained with 
Cresyl Violet using the LCM staining kit (Cat# AM1935, 
Life Technologies) according to the manufacturer’s 
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instructions. Following staining, the slides were stored 
at room temperature until the laser capture microdissec-
tion (LCM) procedure. Microdissection of the PrL and IL 
were performed using the Leica LMD7000 LCM micro-
scope, in which laser power was set at 50 mW and each 
capture was performed with two or fewer laser pulses. 
After the microdissection, each sample was placed in 
50 µl of ice-cold lysis buffer. The RNA was extracted using 
the Arcturus™ PicoPure™ RNA Isolation Kit (Cat#1220-
01, Applied Biosystems) according to the manufacturer’s 
instructions.

Quantitative PCR (qPCR)
qPCR was carried out as described previously [48]. 
Quantification of each transcript was normalized to the 
mouse 18S reference gene following the 2−ΔΔCt method 
[49]. Student’s t test or one-way ANOVA was used to 
analyze genes with statistically significant expression lev-
els, where *p-value < 0.05.

Production of lentiviral particles for in‑vivo analysis
LV-shKIF3B-eGFP and LV-shScrambled-eGFP were 
packaged and concentrated as previously described [30] 
with the following exceptions. HEK-293T cells were 
transfected with TransIT-VirusGEN transfection reagent 
(Cat #MIR 6703, Mirus). After recovery, the viruses were 
titrated using the protocol from Tiscornia et al. [50]. High 
titers (> 109 TU/ml) were acquired for both LV-shKIF3B-
eGFP and LV-shScrambled-eGFP.

Surgical procedure
For behavior experiments, mice were anesthetized with 
isoflurane (induction 3%; surgery 1.5–1.8%). Animals 
were then placed in a stereotaxic frame. The scalp was 
shaved, and the skin was disinfected with sequential 
swabs of surgical scrub (Nolvasan Surgical Scrub) and 
Betadine. A small incision was made to the midline of 
the head. Small holes were drilled into the skull using a 
robotic surgery apparatus (Cambridge NeuroTech). Then, 
mice were bilaterally injected with 200 nl of LV-shKIF3B-
eGFP using the following coordinates PrL: A/P + 2.3, 
M/L ± 0.2, D/V 2.5. The incision was closed with Vet-
bond Tissue Adhesive and the mice were injected subcu-
taneously with 1 mg/kg of Baytril and Metacam diluted 
in saline. The mice were then returned to their home 
cage, where they remained for four weeks to allow the 
virus to express. Mice with unilateral, off target, or no 
viral expression were excluded from analysis.

Behavioral procedures
Open field test
Four weeks after surgery, mice were brought to a dimly 
lit room with white noise set to 70 dB to mask any noises. 

The mice were placed in acrylic chambers with white 
backgrounds placed on the walls to prevent them being 
viewed by other mice. Movement was tracked from over-
head using an infrared CCD camera paired to a computer 
running EthoVision 15 software (EthoVision 15; Noldus 
Information Technology, Leesburg, VA; http://​www.​nol-
dus.​com/​ethov​ision). Each trial lasted 30  min and then 
the mice were immediately returned to their home cage.

Contextual fear conditioning
Contextual fear conditioning experiments were per-
formed using a set of four modified Noldus PhenoTyper 
(Model 3000) chambers (Leesburg, VA) with shock 
floors [25]. Automated tracking and shock delivery 
were performed using EthoVision 15 software (EthoVi-
sion 15; Noldus Information Technology, Leesburg, VA; 
http://​www.​noldus.​com/​ethov​ision). Each chamber was 
cleaned with 70% ethanol prior to each trial. The cham-
bers were illuminated with white light throughout train-
ing and testing and 72 dB white noise was played in the 
room to mask any unintended noise that might add to 
the context. During the training session, mice received 
three two-second 0.50  mA scrambled foot shocks, 2.5, 
3.5, and 4.5 min after placement into the chamber. Mice 
were promptly removed from the chamber after 5.5 min. 
Shock-only control mice were given a 2  s foot shock 
immediately after being placed in the chamber and were 
quickly returned to the home cage [25]. Freezing behav-
ior was measured as the percentage of time spent freez-
ing (defined as immobility except for respiration) [51]. To 
test effect of KIF3B on fear memory acquisition, KIF3B 
shRNA or nontargeting control shRNA-injected mice 
were returned to the conditioning chambers, one hour 
after training. Freezing behavior was assessed for 5 min 
in the absence of shock.

Extinction
Twenty-four hours after training, the mice were returned 
to the chambers for massed extinction training [10]. Mice 
remained in the chambers for 30  min without shock. 
After the trial, the mice were immediately returned to 
their home cage. To test whether the mice retained the 
extinction learning, an extinction recall test was per-
formed 24  h later. The mice were returned to the same 
chamber without shock for a 5-min trial.

Immunohistochemistry
Four weeks after surgery, mice were anesthetized with 
sodium pentobarbital (Fatal Plus, 40  mg/kg) and tran-
scardially perfused with PBS followed by freshly prepared 
4% PFA in PBS. The brains were harvested and post-fixed 
in the same fixative at 4  °C overnight. The brains were 

http://www.noldus.com/ethovision
http://www.noldus.com/ethovision
http://www.noldus.com/ethovision
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transferred to a 30% sucrose solution at 4  °C until fully 
saturated. The brains were frozen in OCT compound, 
sectioned (25 µm) on a cryostat, and mounted on slides. 
The slices were fixed with 4% PFA in PBS for 10  min. 
Then, the slices were permeabilized with 0.3% Triton 
X-100 in PBS for 8 min at room temperature. The slices 
were then washed 3 times with PBS and blocked with 
10% normal horse serum (NHS) in PBS for 1 h at room 
temperature. Then, the slices were incubated with GFP 
antibody (1:3000, NB100-1614, Novus Biologicals) at 4 °C 
for 16–18  h in 5% NHS and 0.3% Triton X-100 in PBS. 
Sections were washed five times for 12  min each with 
0.3% Triton X-100 in PBS. The sections were then incu-
bated with Alexa-488 (1:2000, Jackson ImmunoResearch, 
Inc.) for 1 h at room temperature in the dark. Slices were 
washed five times for 12  min in 0.3% Triton X-100 in 
PBS. The slices were rinsed with PBS and mounted with 
Fluoro-Gel with DAPI (EMS).

Spine imaging and reconstruction
Following immunohistochemistry, high-resolution 
images of the prelimbic cortical neuronal branches were 
acquired with a Zeiss 780 confocal microscope. Images 
were taken with a 63X water immersion lens (N.A. 1.3). 
1.0X scan zoom was used to take a z-stack through the 
depth of the section. Imaged dendrites were at a low 
enough density to provide accurate resolution of indi-
vidual dendritic spines. Approximately 20–30 z-stack 
images were taken per section, with a z-distance between 
two serial images of 0.25  μm. The images were then 
imported into the Zen software for analysis. To quantify 
spine density, 1–3 dendrites, ranging from 15 to 50  μm 
in length and less than 1  μm in width, were chosen for 
analysis (7 animals per group). Dendritic segments with a 
width over 1 μm are classified as primary branches, while 
those under 1  μm are secondary and tertiary according 
to size. Since previous research has found that secondary 
and tertiary branches are more receptive to perturbation 
(i.e., learning and stress), they were chosen for analysis 
[52]. Dendritic spines were distinguished from filopo-
dia by choosing dendritic protrusions with the following 
criteria: ratio of head diameter to neck diameter > 1.2:1 
and ratio of length to neck diameter < 3:1, as described 
in Young et al. [52]. Due the resolution of the images, we 
were unable to convincingly determine the morphology 
of the spines.

Statistics
All statistical analysis was performed with Prism 7 soft-
ware (GraphPad). Student’s t test, one-way ANOVA, 
or repeated-measures ANOVA was used for compari-
son between the groups, and statistical significance was 

defined as p < 0.05. Outliers were identified with a Grubbs 
test Q = 5%.
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