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Abstract

Background—The activity of neurogenic differentiation 1 (Neurodl) decreases after morphine
administration, which leads to impairments of the stability of dendritic spines in primary
hippocampal neurons, adult neurogenesis in mouse hippocampi, and drug-associated contextual
memory. The current study examined whether Neurodl could affect the development of opioid
tolerance.

Methods—Lentivirus encoding Neurodl, microRNA-190 (miR-190), or short hairpin RNA
against Neurod1 was injected into mouse hippocampi separately or combined (more than eight
mice for each treatment) to modulate Neurod1 activity. The antinociceptive median effective dose
values of morphine and fentanyl were determined with tail-flick assay and used to calculate
development of tolerance. Contextual learning and memory were assayed using the Morris water
maze.

Results—Decrease in NeuroD1 activity increased the initial antinociceptive median effective
dose values of both morphine and fentanyl, which was reversed by restoring NeuroD1 activity. In
contrast, decrease in NeuroD1 activity inhibited development of tolerance in a time-dependent
manner, paralleling its effects on the acquisition and extinction of contextual memory. In addition,
only development of tolerance, but not antinociceptive median effective dose values, was
modulated by the expression of miR-190 and Neurodl driven by Nestin promoter.

Conclusions—Neurodl regulates the developments of opioid tolerance via a time-dependent
pathway through contextual learning and a short-response pathway through antinociception.
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Neurogenic differentiation 1 (Neurodl), a basic helix-loop-helix transcriptional factor, was
first identified to convert ectoderm into neurons in Xenopus embryos and plays critical roles
in the development of the pancreas, cerebellum, and hippocampus (1-3). NeuroD1 also
functions in maintaining the dendritic morphology of granule neurons (4). Reducing the
activity of NeuroD1 by microRNA-190 (miR-190) or by inhibiting calcium-calmodulin
kinase Il a reduces dendritic spine stability in primary hippocampal neurons (5). NeuroD1
has also been identified to regulate adult neurogenesis in the subgranular zone of
hippocampal dentate gyrus (DG) (6). Reducing NeuroD1 activity in DG with lentivirus
encoding miR-190, a microRNA targeting Neurodl, impairs adult neurogenesis and the
abilities of mice to retain drug-associated contextual memory (7). Because adult
neurogenesis is associated with contextual learning and memory (8,9), which is implicated
in development of opioid tolerance (10,11), we hypothesized that NeuroD1 could be one of
the many transcription factors involved in development of opioid tolerance.

In regulating NeuroD1 activity, opioid agonists exhibit biased agonism. Both morphine and
fentanyl reduce NeuroD1 phosphorylation by inhibiting calcium-calmodulin kinase 1l a
activity. However, fentanyl, but not morphine, increases NeuroD1 protein level by
suppressing the expression of miR-190. Morphine decreases the overall activity of NeuroD1,
whereas fentanyl maintains it at the basal level (5,12). The inhibitory effects of morphine on
NeuroD1 activity were applied to explain its ability to decrease adult neurogenesis in the
hippocampus (7,13,14).

We examined opioid antinociception tolerance after manipulating NeuroD1 activity in the
hippocampus with a previous reported lentivirus system (5,7). Although the hippocampus is
not considered as the major brain structure in mediating opioid antinociception, it has been
implicated in the affective-motivation component of pain sensation. Noxious stimulation
increased the level of early inducible genes and changed synaptic plasticity in the
hippocampus (15,16). Injection of L-arginine, a precursor of nitric oxide, reversed
morphine-induced antinociception (17). Microinjection of thioperamide, a histamine Hg
receptor antagonist, into the DG increased histamine-induced antinociception of the
formalin-induced pain, whereas both H; and Hy receptor antagonists, chlorpheniramine and
ranitidine, blocked the histamine effect (18). Direct injection of carbachol, morphine, or
bicuculline into the dorsal hippocampus promoted antinociception (19). These studies and
others provide supportive evidence for the role of the hippocampus in pain sensation.
Because both mu-opioid receptor (Oprml) and Neurodl are expressed at high levels within
the hippocampus (1,20), and the hippocampus may contribute to the development of
antinociception tolerance by supporting adult neurogenesis and associative learning, which
also involves NeuroD1 (8-11), we targeted the hippocampus in studies to explore the
connection between NeuroD1 and opioid antinociception tolerance.
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Methods and Materials

Animal Studies

Our studies followed the guidelines for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocols were approved by the Committee on the Ethics
of Animal Experiments of the University of Minnesota or equivalent committee of
Guangzhou Institutes of Biomedicine and Health. All efforts were made to minimize animal
discomfort.

Tail-flick tests were done between 1:00 P.M. and 4:00 P.M. Mice were placed in the
experimental room 2 hours beforehand for acclimatization. Tails were placed over an
analgesia meter (Columbus Instruments, Columbus, Ohio), and radiant heat intensity was
adjusted for 3 to 5 sec baseline latency. Cutoff time was 12 sec to minimize tail damage.
Tail-withdrawal responses were recorded 30 min after morphine or 15 min after fentanyl
injection subcutaneously. Percent of maximum possible effect was calculated as (measured
latency—baseline latency) * 100/(12-baseline latency).

The up-and-down method was used to determine median effective dose (EDsgg) values
(21,22). The first animal was given a dose of drug close to the anticipated ED5 value and
evaluated in the tail-flick test. If the percent of maximum possible effect value was >50% or
<50%, the dose for the next animal was incrementally decreased or increased (by log dose
of .05). In general, the test was concluded after six animals (counted from the last of the first
several mice that had responses all >50% or <50%). The EDsgq values and standard errors (n
= 6) were calculated from tables provided by Dixon (21,22). Degree of opioid tolerance (n =
2 for statistic analysis) was determined by comparing the EDgq values before and after
certain opioid usages.

Lentiviruses were generated as described previously (5), and short hairpin RNA was
designed to complement the 203-223 nucleotide sequence of the mouse Neurodl messenger
(m)RNA (NM_010894.2). Concentrated lentiviruses with titers at about 6 x 108 transducing
units/mL were administered into DG of mice. Mice were anesthetized with 90 mg/kg
ketamine and 10 mg/kg xylazine. Concentrated virus (1 puL) was injected —2.1 mm posterior
to the bregma, £1.1 mm lateral to the midline, and 1.7 mm below the meniscus in a 1-min
period.

The Morris water maze (MWM) test was carried out as reported (23). In the learning
section, the mice were trained for 5-7 days (until the escape latency reached the level on the
fifth day of control group). In the extinction section, probe tests were performed every other
4 days afterward until the mice spent almost equal time in all four quadrants.

Neuron Stem Cells and Primary Neurons

After meninges were stripped off, the remaining tissues of the brain of E13.5 embryos were
cut into pieces, rinsed with phosphate-buffered saline, and dissociated with .05% trypsin
ethylenediaminetetraacetic acid (Gibco, Grand Island, New York) for 10-15 min. The
dissociated cells were resuspended (Dulbecco’s modified Eagle’s medium F12 [Gibco]
supplemented with N2 [Gibco], B27 [Gibco], 20 ng/mL basic fibroblast growth factor
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[R&D, Minneapolis, Minnesota], and 20 ng/mL epidermal growth factor [Invitrogen, Grand
Island, New York]). After the adherence of fibroblasts, the supernatant was cultured to form
neurospheres. Cultured neurospheres were trypsinized into single cells and seeded into
plates coated with Matrigel (BD Biosciences, San Jose, California). Primary hippocampal
neuron cultures were prepared as described previously (24).

Immunoblotting was performed as described previously (25). Anti-B-actin and anti-NeuroD1
(1:1000; Cell Signaling Technology, Beverly, Massachusetts) were used to determine
NeuroD1 protein levels. Anti-NeuroD1 (1:250) and protein G agarose (Invitrogen) were
used to precipitate Neurodl before using Anti-phos-Ser (1:500; Cell Signaling Technology)
to determine the amounts of phosphorylated NeuroD1. Binding assay was applied to
determine the amounts of OPRM1 on membrane isolated from mice hippocampi (26).

Total RNAs including microRNAs were extracted with miR-Neasy Mini Kit (Qiagen,
Alameda, California) and reverse transcribed with miScript Il RT reverse transcription kit
(Qiagen). Quantitative polymerase chain reaction was done with miScript SYBR Green PCR
Kit (Qiagen) in a CFX96 Real-Time system (Bio-Rad Laboratories, Hercules, California). -
actin was the internal control and had cycle number around 16. The cycle numbers of
Neurodl, miR-190, Doublecortin, and Neurod4 were between 24 and 27. The cycle numbers
of Oprm1 were around 28. The nucleotide sequences of the primers used are summarized in
Table S1 in Supplement 1.

Experiments were repeated at least three times except for behavior studies. Because of the
methods used, n for EDgq values and ratios were 6 and 2, respectively. Error bars represent
standard errors except in Figure 3E and Figures S1 and S2 in Supplement 1, where the error
bars represent standard deviations.

NeuroD1 Activity Affects Opioid Antinociception and Tolerance

Lentivirus encoding control vector (con-vir), miR-190 (190-vir), Neurodl (nd-vir), or short
hairpin RNA against Neurodl (nd-sh-vir) was stereotactically injected into mice hippocampi
as described in Methods and Materials. Similar to previous reports (5,7), 190-vir and nd-sh-
vir decreased the protein and mRNA levels of Neurodl, the amount of phosphorylated
Neurodl, and the expression of two Neurod1 downstream targets, Doublecortin and
Neurod4 (27), whereas nd-vir had the opposite effects and could rescue the effects of 190-
vir almost completely (Figure S1 in Supplement 1). The lentiviruses 190-vir and nd-sh-vir
decreased Neurod1 activity, and nd-vir could block such decrease.

A 20-day experiment was performed (Figure 1A). On day 1, the antinociceptive EDsgq values
of morphine and fentanyl were determined. On day 2, the mice were divided into six groups
and stereotactically injected with saline, con-vir, 190-vir, 190-vir plus nd-vir, nd-vir, or nd-
sh-vir. After an 8-day rest, the EDsgq values of opioids were determined again in each group
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on day 11. As summarized in Figure 1B and C, 190-vir increased the EDsgq values of
morphine and fentanyl to about 2.4-fold and 2.9-fold of basal levels, respectively. Injecting
nd-vir with 190-vir could block these effects significantly, although nd-vir alone did not
affect EDsgq values. In addition, nd-sh-vir also increased EDsq values significantly (Figure
1B, C). The observed effects of 190-vir on opioid antinociception were mainly due to the
190-vir-mediated decrease in NeuroD1 activity in the hippocampus. For better
understanding of the results, all the EDsgq values are listed in Table S2 in Supplement 1.

Each group of mice was divided into four subgroups, saline-1, saline-2, morphine, and
fentanyl. The mice in the saline subgroups were injected with .3 mL saline subcutaneously
three times a day from day 12 to day 19. The mice in the morphine and fentanyl subgroups
were injected subcutaneously with 5 x EDsgg doses of morphine and fentanyl under the same
paradigm (Figure 1A). The EDsg values on day 11 were used for dose calculation to ensure
that mice in different groups were treated with equivalent antinociceptive doses of opioids.
On day 20, EDsgq values of morphine were determined in saline-1 and morphine subgroups,
and EDg values of fentanyl were determined in saline-2 and fentanyl subgroups. Morphine
EDsq values were increased by 8-day morphine injection more significantly in mice injected
with saline (315 % 15%), con-vir (358 £ 17%), 190-vir plus nd-vir (316 + 12%) or nd-vir
(280 £ 11%) than in mice injected with 190-vir (183 £ 9%) or nd-sh-vir (231 + 11%)
(Figure 1D). Similar attenuations in the degrees of tolerance to fentanyl were also observed
in mice injected with 190-vir or nd-sh-vir compared with mice injected with saline, con-vir,
or 190-vir plus nd-vir (Figure 1E), indicating decrease in NeuroD1 activity in the
hippocampus inhibits development of tolerance after long-term morphine or fentanyl
treatment.

Mice injected with either con-vir or 190-vir were used for additional analysis following
modified procedures (Figure 2A). Mice were injected subcutaneously three times a day from
day 12 to day 19 with 2 x EDsgg, 5 x EDsgq determined, or 10 x EDsgg doses that were
determined on day 11. The antinociceptive EDsg values were determined on day 20 (Figure
2B-E). As expected, the higher the doses of opioids used during day 12 to day 19, the larger
the increases in EDsgq values or the higher degrees of tolerance observed in mice injected
with con-vir. However, such dose-dependent development of opioid antinociceptive
tolerance was significantly impaired in mice injected with 190-vir (Figure 2B-E). The lack
of dose-dependent development of tolerance in mice injected with 190-vir was more
pronounced with the fentanyl injections, where minimal increase in the EDsgq value was
observed even in mice treated with 10 x EDgq dose (Figure 2D, E). Because 5 x EDsg doses
were not in plateau area of the dose-response curves, they were used in the following
experiments to induce significant but modest tolerance.

The observed ability of 190-vir to inhibit development of tolerance might be due to the
ceiling effect during tolerance development or the difficulty to increase EDsg values further
from already elevated EDsg values as a result of virus injections. To eliminate this
possibility, mice with con-vir were injected with 2 x ED5g doses of morphine (determined
on day 11) from day 12 to day 19, whereas mice with 190-vir were injected with saline
(Figure 2F). These different treatments resulted in similar EDsg values in both groups on
day 20 (Figure 2G). The two groups of mice then were injected with 5 x EDsgg doses of
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morphine (determined on day 20) from day 21 to day 28. When the EDgq values of
morphine were measured on day 39, the EDsg increase in mice injected with con-vir was
significantly larger than in mice injected with 190-vir. Because the EDgq values in both
groups are close to each other on day 20, the ability of 190-vir to impair further tolerance
development was not due to the ceiling effect (Figure 2G). When 10 x EDsg doses of
fentanyl were used from day 12 to day 19, similar results were observed (Figure 2F, H).

Time-Dependent Regulation of Opioid Antinociception and Tolerance

The daily opioid injection was changed from day 12-19 to day 6-13, day 18-25, or day 24—
31 after 190-vir injection on day 2 (Figure 3A). As indicated in Figure 3B and C, the
antinociceptive ED5 values of opioids on day 5, day 11, day 17, or day 23 were similar but
significantly higher than the basal level, suggesting the antinociceptive EDsgg values were
affected by the decrease in NeuroD1 activity immediately and constantly.

The later the daily opioid injections were initiated after 190-vir injection, smaller differences
in the EDsgq values before and after opioid injection were observed (Figure 3B-D),
suggesting the development of tolerance is affected by NeuroD1 activity in a time-
dependent manner. This temporal effect was not due to the differences in Neurodl
expression because both Neurodl expression and miR-190 expression were constant from
day 5 to day 42 after 190-vir injection (Figure 3E). Decrease in NeuroD1 activity not only
increases antinociceptive EDsq values immediately but also impairs development of
tolerance in a time-dependent manner.

Decrease in NeuroD1 Activity Affects Tolerance Development but Not Antinociception via
Adult Neurogenesis

There were 2 weeks required for the decrease in NeuroD1 activity to affect tolerance
development (Figure 3), which appeared to correlate with the peak of Neurodl expression
during adult neurogenesis (6,28,29). Nestin promoter was used to control the expression of
miR-190 (Nes-190-vir) and Neurodl (Nes-nd-vir). Nes-190-vir and Nes-nd-vir expressed
miR-190 and Neurodl only in neural stem cells (NSCs) and not in primary hippocampal
neurons (Figure 4A, B). In addition, Nestin expression overlaps with the temporary
upregulation of Neurod1 during neurogenesis (6). These two new viruses enabled us to
restrict the modulations on NeuroD1 activity in NSCs or during adult neurogenesis without
affecting mature neurons.

By using a similar protocol to that shown in Figure 1A, 190-vir injection increased the
antinociceptive EDsg values of opioids, which could be reversed by coinjection with nd-vir
but not by coinjection with Nes-nd-vir. In contrast to 190-vir, Nes-190-vir did not alter the
antinociceptive EDsgq values of opioids (Figure 4C, D). As for antinociception tolerance
development, injection of both 190-vir and Nes-190-vir impaired tolerance development.
Both nd-vir and Nes-nd-vir could rescue the impairments in tolerance induced by 190-vir
(Figure 4C-E). The development of tolerance, but not opioid antinociception, was regulated
by NeuroD1-mediated adult neurogenesis.
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Contextual Learning Connects Adult Neurogenesis with Tolerance Development

Because opioid tolerance has long been considered to involve associative learning (10,11)
and NeuroD1 activity is critical for maintaining contextual memory (7), we hypothesized
that decrease in NeuroD1 activity affects development of tolerance by impairing adult
neurogenesis and subsequent contextual learning. As indicated in Figure 5A and C, the rates
to learn the position of the submerged platform in all six groups of mice injected with
various viruses were similar to each other when the MWM tests were initiated on day 7 or
day 14 after virus injection. However, when the extinction of learned memory was
determined after successful acquisition of contextual memory, 190-vir or nd-sh-vir
accelerated the extinction, which could be partially blocked by the coinjection with nd-vir
(Figure 5B, D).

Contextual memory acquisition in mice injected with 190-vir and nd-sh-vir was impaired
when the MWM tests were initiated on day 21, and such impairments increased when
MWM tests began on day 28 (Figure 5E, F). Although the mice in different groups finally
learned the platform position after different numbers of training days, these mice should not
be considered to have similar levels of contextual memory. Extinction studies were not
performed with these mice. In addition, current observations were consistent with our
previous report that contextual memory extinction, but not acquisition, is affected 2 weeks
after decreasing NeuroD1 activity (7).

We further examined the relationship between contextual memory acquisition and
development of tolerance. We divided the mice into three separate groups based on their
performance in the MWM test (i.e., the total amount of time [latency] needed for the mice to
learn platform position) (Figure 5G). All three groups of mice exhibited similar
antinociceptive ED5g values (Figure 5H, I). However, mice that performed better in the
MWNM test (“High” performers) developed a significantly higher degree of tolerance to both
opioids (Figure 5H-J), which further confirmed the correlation between contextual learning
and development of tolerance.

Overexpression of Neurod1 Impairs Ability of Morphine to Induce Tolerance

Because morphine, but not fentanyl, decreases NeuroD1 activity and adult neurogenesis
(7,12), it is reasonable to suggest that these morphine-induced decreases contribute to the
development of tolerance to morphine. Because decrease in NeuroD1 activity increases
antinociceptive ED5g values immediately, this pathway should contribute at least partially to
the development of morphine tolerance. However, because the effects of 190-vir or nd-sh-
vir required a minimal of 21 days for detection (Figures 3 and 5), decrease in NeuroD1
activity requires weeks to affect development of tolerance by modulating adult neurogenesis
and contextual memory. This pathway might contribute to the development of morphine
tolerance only when morphine treatment is long enough.

To test this hypothesis, mice were injected with 5 x EDsgq doses of morphine from day 2 to
day 9. The MWM tests were performed on day 10, day 16, day 23, or day 29 (Figure 6A).

When the MWM tests were started on day 10 or day 16, morphine treatment did not affect
contextual memory acquisition, similar to our previous observations (7). However,
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significant impairments in contextual memory acquisition were observed when the MWM
tests were started on day 23 or day 29 (Figure 6B), suggesting that at least 2 weeks are
required for morphine-induced decrease in NeuroD1 activity to affect adult neurogenesis
and subsequent contextual memory acquisition.

Two groups of mice injected with 5 x EDsgg doses of morphine from day 2 to day 9 received
190-vir or nd-vir injection on day 10, and an additional group of mice were injected with 5 x
EDsq antinociceptive doses of fentanyl from day 2 to day 9 (Figure 6A). The MWM tests
performed on day 29 confirmed that the impairments in contextual memory were due to the
morphine-induced decrease in NeuroD1 activity (Figure 6C). This impairment in
performance of the MWM test was not observed in mice injected with fentanyl.

Morphine, but not fentanyl, decreases NeuroD1 activity. In addition, when morphine
treatment is not long enough, morphine-induced decrease in NeuroD1 activity is able to
affect antinociception only, but not tolerance development. It is reasonable to suggest that
the overexpression of Neurodl via nd-vir may prevent the development of morphine, but not
fentanyl, tolerance. This hypothesis was tested by injecting different amounts of nd-vir
before opioid administration (Figure 6D). Independent of the nd-vir doses injected, the
antinociceptive EDsgq values of both morphine and fentanyl were not significantly altered on
day 11 (Figure 6E, F). However, morphine tolerance exhibited a negative correlation with
the virus dose, whereas fentanyl tolerance remained the same in all virus doses tested
(Figure 6F, G). This result not only provided a new method to prevent the development of
morphine tolerance but also indicated a possible explanation for the higher degree of
tolerance observed with morphine compared with an equivalent dose of fentanyl (30).

Discussion

In our studies, decrease in NeuroD1 activity impaired opioid antinociception immediately,
whereas development of tolerance was decreased in a time-dependent manner (Figure 3). In
addition, 190-vir and nd-vir driven by Nestin promoter affected development of tolerance
but not antinociception (Figure 4). We concluded that decrease in NeuroD1 activity not only
increases antinociceptive ED5q values immediately by affecting mature neurons but also
impairs antinociceptive tolerance development in a time-dependent manner by influencing
hippocampal contextual memory. These results are consistent with the critical contributions
of NeuroD1 to both the morphologic and the functional maintenance of existing mature
neurons and the generation of new neurons in the hippocampus (4,5,7).

Although neither the ascending nor the descending nociceptive pathway includes
hippocampus, the involvement of limbic structures in the affective-motivation component of
pain sensation has been suggested. Alterations in nociceptive responses have been shown to
reflect changes in the hippocampal cholinergic or GABAergic transmission (19). The
colocalization of opioid receptors with gamma-aminobutyric acid receptors within the
hippocampus structures (31) and the observed opioid inhibition of the GABAergic
interneurons resulting in the excitation of the pyramidal cells (32,33) suggest the opioidergic
transmission within the hippocampus would also influence the nociceptive response, which
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is supported by the observed antinociceptive responses on direct injection of morphine into
the hippocampus structures (34).

One possible scenario to account for the observed increase in antinociceptive EDsg values
after decreasing NeuroD1 activity in hippocampus is the reduced amount of synaptic content
of OPRML1 or the postsynaptic spine densities. This hypothesis is supported by the high
expression level of OPRML1 in the hippocampus (20), the location of OPRML1 in dendritic
spines of primary hippocampal neurons (24), and the contributions of NeuroD1 to dendritic
spine stability (5). Whether the decrease in OPRM1 synaptic content would result in
increase in the agonist EDgq values is debatable. Although the decrease in NeuroD1 activity
with 190-vir reduces dendritic spine stability and leads to a 20% decrease in dendritic spine
density (5), even with OPRML1 clustering in the dendritic spines, not all dendritic spines
express both OPRM1 and NeuroDL1. In our studies, neither OPRM1 mRNA nor the amount
of OPRM1 on membrane was affected significantly by 190-vir or nd-sh-vir that decreased
NeuroD1 activity (Figure S2). The probable scenario could be that the decrease in NeuroD1
activity leads to the subsequent decrease in spine density within the hippocampus structures,
which is the reason for the alteration in cholinergic, GABAergic, histaminergic, or other
neurotransmissions that have been shown to influence pain sensation.

On one hand, decrease in NeuroD1 activity increases opioid EDgg values immediately, and
the development of morphine tolerance could be partially attributed to the morphine-induced
decrease in NeuroD1 activity. On the other hand, decrease in NeuroD1 activity also impairs
the development of tolerance in a time-dependent manner as summarized in Figure 3.
Because it requires 2—3 weeks for decrease in NeuroD1 activity to affect contextual memory
and associative tolerance (Figure 6), influences on contextual memory should not contribute
to morphine tolerance during short-term morphine treatment. In a scenario in which
morphine is administered for <1 week, morphine-induced decrease in NeuroD1 activity
would contribute to morphine tolerance only by impairing morphine antinociception and not
by affecting contextual learning.

Because fentanyl does not decrease NeuroD1 activity or increase antinociceptive EDgg
values subsequently, its ability to induce tolerance should be lower than that of morphine
(30). The correlation between high receptor internalization and low tolerance development
was explained at least partially (Figure S3) (35-37). In contrast to morphine, opioids
(fentanyl and etorphine) that induce high levels of receptor phosphorylation and receptor
internalization use a B-arrestin-dependent pathway to induce extracellular signal-regulated
kinase phosphorylation and its nuclear translocation (25,38). Phosphorylated extracellular
signal-regulated kinase in the nucleus reduces the expression of miR-190 via Yin Yangl and
counteracts with the inhibition of calcium-calmodulin kinase Il a to maintain NeuroD1
activity around basal level (12,39).

By using Nestin promoter to limit the expression of miR-190 and Neurodl1 in NSCs, we
demonstrated that the increase in antinociception ED5g values can be rescued by nd-vir but
not Nes-nd-vir (Figure 4) and should not involve the NeuroD1 control of NSC or progenitor
cell differentiation and maturation into mature neurons. In contrast, the decrease in
development of antinociception tolerance with the reduction of NeuroD1 activity can be
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rescued by either nd-vir or Nes-nd-vir (Figure 4) and involves the NeuroD1 actions in NSCs,
progenitor cells, or mature neurons. These observations clearly support our hypothesis that
decrease in acute opioid agonist antinociceptive potency is a reflection of the immediate
effect of decreased NeuroD1 activity. The failure of Nes-nd-vir to rescue the 190-vir effect
is due to the restrictive action of Nes-nd-vir within the hippocampal NSCs or progenitor
cells. Because both nd-vir and Nes-nd-vir can rescue the 190-vir inhibitory effects on
tolerance development, and such rescue is time dependent, we conclude that the increase in
NeuroD1 activity must due to the action of the transcription factor in the adult neurogenesis
process. The involvement of adult neurogenesis in the formation and extinction of
contextual memory (40-42) also points to the critical aspect of associative tolerance in the
overall development of opioid antinociception tolerance.

In conclusion, our studies established two distinct mechanisms used by Neurodl to regulate
opioid tolerance: increase in ED5q values and alteration of associative tolerance secondary to
changes in contextual memory. Our studies also provided a new hypothesis to explain the
prevailing observations that morphine has a higher ability to induce tolerance than fentanyl:
their differential regulation of miR-190 level leads to differences in alterations in EDsg
values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Decrease in NeuroD1 activity affected opioid antinociception and tolerance development.
(A) Mice were injected with saline or different lentivirus on day 2 and received daily
injection of saline or opioid (morphine or fentanyl) from day 12 to day 19. Six mice groups
were divided into four subgroups, with more than eight mice in each subgroup. (B, C) The
EDsgq values of opioids were determined on day 1, day 11, and day 20 and summarized for
morphine (B) and fentanyl (C). (D, E) Tolerance or EDs ratios were calculated by
normalizing EDsg values on day 20 to EDsg values on day 11. The results were also
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summarized for morphine (D) and fentanyl (E). One-way analysis of variance with Dunnett
test as post hoc was used for comparisons between the basal level—day 1 (B, C) and saline
(D, E)—and all other data in the same data set. Only significant differences were listed. *p
<.05, ¥p<.01, ™"p < .001. Additional comparisons were performed between indicated
lanes. 190-vir, miR-190; con-vir, control vector; EDsg, median effective dose; fen, fentanyl;
mor, morphine; nd-sh-vir, short hairpin RNA against Neurod; nd-vir, Neurodl; N/S, not
significant.
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Dose-dependent development of tolerance was affected by 190-vir. (A—E) Mice with con-vir
or 190-vir were injected with different doses (2 x EDsg, 5 x EDg, or 10 x EDsp) of opioids
from day 12 to day 19. The EDsg values were determined on day 11 and day 20 (A) and
summarized for morphine (B) and fentanyl (D). The dose-dependent curves for tolerance
development were also summarized for morphine (C) and fentanyl (E). (F-H) Mice were
injected with con-vir or 190-vir on day 2, with opioids (2 x EDgq [day 11] of morphine or 10
x EDgq [day 11] of fentanyl) or saline from day 12 to day 19, and with 5 x EDsgg doses (day
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20) from day 21 to day 28 (F). The EDsgq values were determined on day 11, day 20, and day
29 and summarized for morphine (G) and for fentanyl (H). One-way analysis of variance
with Dunnett test as post hoc was used for comparisons between the basal level—day 1 (B,
D) and 0 x ED5g (C, E)—and all other data in the same data set (B-D). Two-way analysis of
variance with Bonferroni test as post hoc was used for comparisons between the two data
sets at every time point (G, H). Only significant differences were listed. “p < .05, “p <.

01, ™p < .001. Abbreviations as in Figure 1.
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Figure 3.
Decrease in NeuroD1 activity affected development of tolerance in a time-dependent

manner. (A) Mice were injected with 190-vir on day 2 and divided into four groups to begin
daily opioid injection at different time points. (B—D) The EDsgq values were determined
before and after opioid injection and sum-marized for morphine (B) and fentanyl (C).
Different experimental groups were indicated by “14-day,” “20-day,” “26-day,” and “32-
day.” After comparing the EDsq values (day 14 vs. day 5, day 20 vs. day 11, day 26 vs. day
17, day 32 vs. day 23), the abilities of decrease in NeuroD1 activity to affect opioid
tolerance development were summarized (D). (E) The levels of Neurodl mRNA and
miR-190 were determined at indicated time points after 190-vir injection by quantitative
polymerase chain reaction. The cycle numbers for -actin were around 16. The cycle
numbers of Neurodl and miR-190 were between 24 and 27. One-way analysis of variance
with Dunnett test as post hoc was used for comparisons between the basal level (control) and
all other data in the same data set. Only significant differences were listed. *p < .05, ™p <.
01, ™p <.001. mRNA, messenger RNA other abbreviations as in Figure 1.
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Figure 4.

Decrease in NeuroD1 activity affected opioid tolerance via NSCs. (A, B) NSCs (A) and PNs
(B) were infected with different combinations of saline, 190-vir, Nes-190-vir, nd-vir, and
Nes-nd-vir. The levels of Neurodl mRNA and miR-190 were determined 3 days after
infection by quantitative polymerase chain reaction. The cycle numbers for -actin were
around 16. The cycle numbers of Neurodl and miR-190 were between 24 and 27. (C-E)
Five groups of mice injected with con-vir, 190-vir, 190-vir+nd-vir, 190-vir+Nes-nd-vir, and
Nes-190-vir were tested following similar procedures in Figure 1A. The EDsgq values on day
1, day 11, and day 20 were summarized for morphine (C) and fentanyl (D). The ratios of
EDsq values on day 20 to values on day11 were also listed (E). One-way analysis of
variance with Dunnett test as post hoc was used for comparisons between the basal level—
saline (A, B), day 1 (C, D), and con-vir (E)—and all other data in the same data set. Only
significant differences were listed. "p < .05, *"p < .01, "p < .001. Additional comparisons
were performed between indicated lanes. mMRNA, messenger RNA; NSCs, neural stem cells;
PNs, primary hippocampal neurons; other abbreviations as in Figure 1.
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Figure 5.
Decrease in NeuroD1 activity affected contextual learning. (A—F) Lentivirus (con-vir, 190-

vir, 190-vir+nd-vir, nd-vir, and nd-sh-vir) and saline were injected into dentate gyrus of
mice on day 2. The MWM tests began at different time points—day 7 (A), day 14 (C), day
21 (E), or day 28 (F). The learning section lasted for 5 days for mice injected with saline but
for 5-7 days for other groups of mice depending on when the average latencies to find the
platform were not significantly different from that of mice injected with saline on the fifth
day. One day after the learning section, the extinctions of the learned contextual memory
were monitored until the total extinction (percentage times in quadrant SW were not
significantly different from 25% in two continuous probe tests) (B, D). (G-J) Mice were
divided into three groups depending on their performance in MWM tests. One third of mice
with smallest summaries of latencies in 5-day training were grouped as “High,” whereas the
other two thirds of mice were grouped as “Middle” and “Low” (G). The EDsgg values were
calculated on day 6 and day 15 to determine the tolerance induced by the daily opioid
injection (5 x EDsg doses determined on day 6, three times a day) from day 7 to day 14. The
EDsq values (H, 1) and tolerance development (J) were summarized. One-way analysis of
variance with Dunnett test as post hoc was used for comparisons between the low group and
another two groups (I). Two-way analysis of variance with Bonferroni test as post hoc was
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used to do comparisons between con-vir and 190-vir (A—F) and between morphine and
fentanyl (J). Only significant differences were listed. *p < .05, ""p < .01, ™*p < .001.
MWM, Morris water maze; SW, Southwest, in which quadrant the escaping platform was
placed; other abbreviations as in Figure 1
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Decrease in NeuroD1 activity accounted for the different abilities of opioids to induce
tolerance. (A—C) Mice were injected daily with 5 x EDg doses on day 1 (three times a day)
from day 2 to day 9 and subjected to MWM tests beginning on day 29. The mice injected
with morphine were divided into six groups; four groups of mice underwent MWM tests
beginning on day 10, day 16, day 23, or day 29, whereas the other two groups of mice had
190-vir or nd-vir injection on day 10 and underwent MWNMs test beginning on day 29 (A).
The acquisition of contextual memory was summarized (B, C). (D-F) Mice injected with
con-vir, nd-vir, 2x nd-vir, or 5x nd-vir on day 2 were used for experiments following the
similar procedures in Figure 1A (D). The EDsg values on day 11 and day 20 were
summarized for morphine (E) and for fentanyl (F). Tolerance development was also
summarized (G). One-way analysis of variance with Dunnett test as post hoc was used for
comparisons between the basal level—day 1 (E, F) and con-vir (G)—and all other data in
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the same data set. Only significant differences were listed. "p < .05, **p < .01, ™*p < .001.
Additional comparisons were performed between indicated lanes. MWM, Morris water
maze; ns, not significant; other abbreviations as in Figure 1.
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