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Fig. 4. Inhibiting MS®*®A neurons selectively during REMS after fear
conditioning impairs contextual memory. (A) Fear conditioning schematic
and freezing data. (B) Immediately after conditioning, mice were returned to
their home cage, where they underwent the same procedure as that
described after D1 NOPR testing (a full schematic is in Fig. 3B). (Top) State
analysis of 4-hour post-conditioning period (n = 9 ArchT mice, n = 11 YFP
control mice, n = 9 ArchT control mice, n =5 ArchT REM control mice; n.s. =
not significant, two-way ANOVA). (Bottom) Corresponding spectral analysis
of CALLFP recordings during REMS. (C) D2 contextual recall memory test
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schematic and freezing analysis. (D) D2 cued recall memory test schematic
and freezing analysis. (A), (C), and (D) Freezing versus time graphs (n =9
ArchT mice, n = 11 YFP control mice, n = 9 ArchT control mice, n = 5 ArchT
REM control mice; n.s. = not significant, *P < 0.05, **P < 0.01, two-way
repeated-measures ANOVA with Tukey post-hoc test; 1YFP control versus
ArchT mice, $ArchT control versus ArchT mice, #ArchT REM control versus
ArchT mice). (A) and (D) Statistical results confirmed with Kruskal-Wallis
test. Red lines indicate unprocessed data bin boundaries used for statistics
(top right plot).

(see Fig. 3B for a detailed schematic). ArchT mice
received selective MS®E4 neural inhibition dur-
ing REMS (laser on 92.2 + 2.2% of REMS; 0.2 +
0.0% of NREMS; 1.6 + 0.2% of wakefulness) dur-
ing the 4-hour post-fear conditioning period
(Fig. 4B). No difference in sleep-wake architecture
(Fig. 4B, top, and fig. S7, A to C) or NREMS EEG
spindle activity (tables S4 and S5) was found
between groups, and the only significant effect on
the CAILFP spectral profile was a 57.8 + 5.7%
reduction in theta power in ArchT mice (Fig. 4B,
bottom, and fig. S8, A to C).

The next day mice were first tested for con-
textual recall memory (Fig. 4C) followed by cued
recall memory (Fig. 4D). Mice were placed in con-
text A for 10 min, where conditioning had oc-
curred the prior day, and allowed to move freely
without any tone or shock. ArchT mice froze
less than YFP control, ArchT control, and ArchT
REM control mice (Fig. 4C, right). One hour
later, mice were placed in a novel context (con-
text B) for 9.5 min for cued recall testing, and a
sequence of tones identical to those from prior
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fear conditioning was played. Freezing behav-
ior was not different between the ArchT, YFP
control, ArchT control, or ArchT REM control
groups, with each group showing a robust freez-
ing response selectively to the cue (tone) (Fig.
4D, right).

NOPR and fear-conditioned contextual memory
in these experiments were probably hippocampus-
dependent (I8, 19). Considering the potential im-
portance of hippocampal REMS theta oscillations
in processing place cell information (8, 9), the
impairments reported here could result from
disrupted theta-dependent plasticity in hippo-
campal neurons during REMS after initial mem-
ory consolidation. REMS may also contribute
to the homeostasis of network excitability
(20, 21). Disruption of hippocampal homeosta-
sis could have contributed to the memory im-
pairment we observed, although analysis of
CA1 unit data did not reveal any clear indica-
tion of altered activity resulting from MSGABA
neural inhibition during REMS. Extrahippocam-
pal inputs also must be considered, given known

MS projection patterns (22). Indeed, current
source density analysis from CA1 during REMS
indicated a reduction in theta rhythm power
at all layers upon MS®PA neural inhibition.
Thus, in addition to disrupted input from the
Schaffer-collaterals, input from the entorhinal
cortex via the perforant path was also disrupted.
Given the importance of these inputs in spatial
memory and hippocampal place cell activity
(18, 23), their disruption may be a mechanism
involved in the blockade of consolidation we
observed. In summary, our data provide exper-
imental proof in a mouse model that MS®ABA
neural activity occurring specifically during REMS
after acquisition of a NOPR task or fear condi-
tioning is critical for normal spatial and contex-
tual memory consolidation.
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ZIKA VIRUS

Zika virus impairs growth in human
neurospheres and brain organoids

Patricia P. Garcez,”* Erick Correia Loiola,'t Rodrigo Madeiro da Costa,'t
Luiza M. Higa,>+ Pablo Trindade,'t Rodrigo Delvecchio,?
Juliana Minardi Nascimento,”* Rodrigo Brindeiro,>

Amilcar Tanuri,® Stevens K. Rehen’?*

Since the emergence of Zika virus (ZIKV), reports of microcephaly have increased
considerably in Brazil; however, causality between the viral epidemic and malformations
in fetal brains needs further confirmation. We examined the effects of ZIKV infection
in human neural stem cells growing as neurospheres and brain organoids. Using
immunocytochemistry and electron microscopy, we showed that ZIKV targets

human brain cells, reducing their viability and growth as neurospheres and brain
organoids. These results suggest that ZIKV abrogates neurogenesis during

human brain development.

rimary microcephaly is a severe brain mal-
formation characterized by the reduction
of the head circumference. Patients dis-
play a heterogeneous range of brain im-
pairments that compromise motor, visual,
hearing, and cognitive functions (7).
Microcephaly is associated with decreased
neuronal production as a consequence of pro-
liferative defects and death of cortical progenitor
cells (2). During pregnancy, the primary etiology
of microcephaly varies from genetic mutations
to external insults. The so-called TORCHS fac-
tors (toxoplasmosis, rubella, cytomegalovirus,
herpes virus, and syphilis) are the main con-
genital infections that compromise brain devel-
opment in utero (3).
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An increase in the rate of microcephaly in
Brazil has been associated with the recent out-
break of Zika virus (ZIKV) (4, 5), a flavivirus that
is transmitted by mosquitoes (6) and sexually
(7-9). So far, ZIKV has been described in the
placenta and amniotic fluid of microcephalic
fetuses (10-13) and in the blood of microcephalic
newborns (11, 14). ZIKV had also been detected
within the brain of a microcephalic fetus (13, 14),
and recently, direct evidence has emerged that
ZIKV is able to infect and cause the death of
neural stem cells (75).

We used human induced pluripotent stem
@iPS) cells cultured as neural stem cells (INSCs),
neurospheres, and brain organoids to explore
the consequences of ZIKV infection during neu-
rogenesis and growth with three-dimensional
culture models. Human iPS-derived NSCs were
exposed to ZIKV [multiplicity of infection (MOI),
0.25 to 0.0025]. After 24 hours, ZIKV was de-
tected in NSCs (Fig. 1, A to D); viral envelope
protein was evident in 10.10% (MOI, 0.025) and
21.7% (MOI, 0.25) of cells exposed to ZIKV (Fig.
1E). Viral RNA was also detected in the super-
natant of infected NSCs (MOI, 0.0025) by quan-

titative reverse transcriptase polymerase chain
reaction (QRT-PCR) (Fig. 1F), providing evidence
of productive infection.

To investigate the effects of ZIKV during
neural differentiation, mock- and ZIKV-infected
NSCs were cultured as neurospheres. After
3 days in vitro (DIV), mock-infected NSCs gen-
erated round neurospheres. However, ZIKV-
infected NSCs generated neurospheres with
morphological abnormalities and cell detach-
ment (Fig. 2B). After 6 DIV, hundreds of neu-
rospheres grew under mock conditions (Fig. 2,
C and E). In ZIKV-infected NSCs (MOI, 2.5 to
0.025), only a few neurospheres survived (Fig.
2, D and E).

Mock-infected neurospheres presented the
expected ultrastructural morphology of the nu-
cleus and mitochondria (Fig. 3A). Viral particles
were present in ZIKV-infected neurospheres,
similar to those observed in murine glial and
neuronal cells (76). ZIKV was bound to the mem-
branes and observed in mitochondria and ves-
icles of cells within infected neurospheres
(arrows in Fig. 3, B and F). Apoptotic nuclei,
a hallmark of cell death, were observed in all
ZIKV-infected neurospheres that we analyzed
(Fig. 3B). ZIKV-infected cells in neurospheres
presented smooth membrane structures (Fig. 3,
B and F), similar to other cell types infected
with dengue virus (I7). These results suggest
that ZIKV induces cell death in human neural
stem cells and thus impairs the formation of
neurospheres.

To further investigate the impact of ZIKV
infection during neurogenesis, human iPS-
derived brain organoids (I18) were exposed
to ZIKV and observed for 11 DIV (Fig. 4). The
growth rates of 12 individual organoids (six
mock- and six ZIKV-infected) were measured
during this period (Fig. 4, A to D). As a result
of ZIKV infection, the average growth area
of ZIKV-exposed organoids was reduced by
40% compared with brain organoids under
mock conditions [0.624 + 0.064 mm? for ZIKV-
exposed organoids versus 1.051 + 0.1084 mm?
for mock-infected organoids (normalized);
Fig. 4E].
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Causal evidencefor therole of REM sleep theta rhythm in
contextual memory consolidation
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Editor's Summary

L et deeping mice remember

The role of REM (rapid eye movement) sleep for memory consolidation has been discussed for a
long time. Boyce et al. used optogenetics to inhibit theta oscillations in the mouse hippocampus during
REM sleep (see the Perspective by Kocsis). Both object recognition memory and contextual fear
memory were impaired. This consolidation mechanism occurred in a critical time window immediately
after training. Disrupting the same system for similar durations during non-REM sleep or wakefulness
had no effect on memory.
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