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Neuronal activity in the lateral habenula (LHb), a brain region
implicated in depression [C. D. Proulx, O. Hikosaka, R. Malinow,
Nat. Neurosci. 17, 1146–1152 (2014)], decreases during reward and
increases during punishment or reward omission [M. Matsumoto,
O. Hikosaka, Nature 447, 1111–1115 (2007)]. While stress is a major
risk factor for depression and strongly impacts the LHb, its effect
on LHb reward signals is unknown. Here we image LHb neuronal
activity in behaving mice and find that acute stress transforms LHb
reward responses into punishment-like neural signals; punishment-
like responses to reward omission also increase. These neural changes
matched the onset of anhedonic behavior and were specific to LHb
neurons that distinguished reward and its omission. Thus, stress dis-
torts LHb responsivity to positive and negative feedback, which could
bias individuals toward negative expectations, a key aspect of the
proposed pathogenesis of depression [A. T. Beck, Depression: Clinical,
Experimental, and Theoretical Aspects, sixth Ed (1967)].
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Lateral habenula (LHb) neurons encode numerous stimuli
including rewards, their omission, and punishment (1–7). In

particular, the LHb provides reward prediction error (RPE) (2)
signals—the difference between expected and actual reward
value—a computation thought to be essential for an animal to learn
from its environment (8–10). In this way, LHb activity, which is
aversive (1, 11–13), can provide “teaching” signals to an animal:
increased LHb activity (i.e., if actual reward value is less than
expected) discourages repeating a behavior in the future (11, 12,
14), while decreased LHb activity is thought to reinforce a behavior.
Human and nonhuman animal studies indicate that stress-

induced changes in LHb activity may contribute to depression by
suppressing reward-based behavior (1, 15–18). While stress de-
creases reward sensitivity (19, 20), is a major risk factor for de-
pression (21, 22), forms the basis for most animal models of
depression (23–25), and causes plasticity in the LHb (26–31), its
effects on LHb reward and RPE signals are not known. Here, we
use calcium-imaging techniques to monitor RPE from individual
LHb neurons in awake, behaving mice in the absence and
presence of intermittent tail shock stress. Surprisingly, we find
that stress causes the LHb to respond to rewards as if they were
punishment. This switch is tightly linked temporally with onset of
anhedonic behavior, suggesting that this aberrant LHb respon-
sivity contributes to anhedonia (29–35). These changes were also
accompanied by a larger (i.e., “more negative”) LHb signal to
reward omission. Our results indicate that stress causes a nega-
tive shift in LHb signaling of reward and its omission. While
potentially adaptive in some conditions (e.g., suppressing
reward-seeking behavior during threat), repeated occurrence of
such effects could contribute to the pathogenesis of depression.

Results
RPE Encoding in a Subpopulation of LHb Neurons.We monitored the
activity of multiple independent LHb neurons in awake, behav-
ing mice using calcium-imaging techniques (see Materials and

Methods for details). We injected into the LHb viruses expressing
a genetically encoded calcium indicator, GCaMP6S, and a cy-
toplasmic marker, tdTomato. We gained chronic optical access
to the LHb, which is several millimeters deep in the mouse brain,
by permanently implanting a gradient refractive index (GRIN)
lens (SI Appendix, Fig. S1). Three-to-four weeks after injection
and implantation, individual LHb neurons expressing GCaMP
and tdTomato were observed in awake, head-fixed mice with 2-
photon laser-scanning microscopy. After several sessions of ac-
climatization, neuronal activity was monitored during trials
consisting of a 10-s auditory stimulus (CS+) followed 0.5 s after
CS+ termination with a drop of sucrose presented from a spout
close to their mouth. Behavioral (licking) responses were mea-
sured as the percent of time during which a light beam posi-
tioned between the animal’s mouth and the spout was crossed.
Such sucrose reward trials were interleaved with control trials
wherein a different auditory stimulus (CS−) was terminated
without a reward. After several days of such training trials, mice
licked more during the CS+ than CS− (compared with licking
before CS, ΔCS; ΔCS+ = 13 ± 4% and ΔCS− = −2 ± 1%; P <
0.02, n = 4 mice, paired t test; each mouse, P < 0.02, n = 32–36
trials, bootstrap; see Materials and Methods). Mice were then in-
termittently exposed to trials wherein sucrose was omitted after
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the CS+ (sucrose omission trials). Such omission trials confirmed
that mice learned to expect sucrose after the CS+ and not the
CS−, as evidenced by significantly more licking during the su-
crose omission period after the CS+ than during a similar period
after the CS− (P < 0.05, n = 4 mice, paired t test; each mouse,
P < 0.001, n = 33–108 trials, bootstrap; Fig. 1C).
Two-photon imaging using both GCaMP and tdTomato

channels and normalizing the GCaMP signal by the tdTomato
signal (ΔG/T; seeMaterials and Methods) permitted correction of
the neural signal for movement artifacts that could not be corrected
by single-channel movement-correction software (e.g., transient
movement of tissue out of the imaging plane; Fig. 1 D–O). Activity
of the same LHb neurons could be imaged daily for several weeks
(Fig. 1 A and B). Neurons were classified according to their activity
patterns. Consistent with primate studies (2, 36, 37), many neurons
were “reward-selective” (18 of 42; 43%), displaying significantly
different activity during sucrose consumption and sucrose omission
(Fig. 1 D–G and P). However, there was also a large population of
“nonselective” neurons (19 of 42; 45%) displaying activity that did
not differ significantly between sucrose consumption and sucrose
omission (Fig. 1 H–K and P); and a small number of neurons dis-
played no response (“nonresponsive” neurons; 5 of 42; 12%; Fig. 1
L–O and P). Reward-selective neurons typically had higher activity
during sucrose omission than sucrose consumption (89%); 72%
displayed responses that were reduced by reward and enhanced by
reward omission, as RPE signaling is defined in primate LHb (2),
and also observed in mouse neurons projecting to the LHb (38);
ventral tegmental area dopamine neurons, which are functionally
inhibited by the LHb (2, 39), display an RPE inverted with respect
to what we observed, as expected (10, 40).

Stress Decreases Licking for Reward.To study the effect of stress on
reward processing, we introduced intermittent trials with tail
shocks (0.3-s duration), presented after the CS− to minimize
contextual fear conditioning (41) (which might interfere with
reward consumption; Fig. 2 A and B). After initiating such trials,
a number of changes were observed in the animals’ behavior.
The overall duration of licking during sucrose presentation was
reduced (48 ± 10% to 28 ± 10%; P < 0.05, n = 4 mice, paired
t test; each mouse, P < 0.02, n = 33–216 trials, bootstrap; Fig. 2
C, E, G, and I). Further analysis of the licking microstructure

showed this decrease was due to a reduction in the duration of
licking bouts (3.4 ± 0.8–1.7 ± 0.8 s; P < 0.02, n = 4 mice, paired
t test; each mouse, P < 0.001, n = 33–216 trials, bootstrap; Fig. 2J;
see Materials and Methods) consistent with reduced reward value
(42–47), with no effect on the interlick interval within a licking
burst, excluding a motor impairment (interlick interval: 12.7 ± 0.8–
12.2 ± 1.2 ms, P > 0.05, n = 4 mice, paired t test). There was also
reduced licking before sucrose delivery (39 ± 9% to 18 ± 10%; P <
0.05, n = 4 mice, paired t test; each mouse, P < 0.002, n = 66–324
trials, bootstrap; Fig. 2 G and K) as well as during sucrose omission
(13 ± 2% to 7 ± 2%; P = 0.07, n = 4 mice, paired t test; 3/4 mice
P < 0.05, n = 33–108 trials, bootstrap; Fig. 2 D, F, H, and L),
consistent with reduced motivation to receive a reward.

Stress Distorts Reward Signaling in LHb Neurons. To determine the
neural basis by which such a stress protocol could produce these
behavioral effects, we examined reward-processing signals in the
LHb. As expected, stressful stimuli (i.e., the intermittent shock
trials) produced an increased neural response, consistent with
LHb responses to punishment seen in primates (4) and rodents
(3) (Fig. 3 I and J, shock traces; SI Appendix, Fig. S2). Also as
expected, before the stress protocol, reward-selective neurons
typically decreased their activity during sucrose consumption and
increased their activity during sucrose omission (Fig. 3A), dis-
playing RPE encoding as defined in primate LHb (2). During the
CS+, unlike other studies (2, 3), there was a delayed increase in
activity as the mice waited for reward (SI Appendix, Figs. S3 and
S4), perhaps because of the relatively long CS–sucrose time in-
terval in our study. Remarkably, after initiating a stress protocol,
the activity of these neurons during sucrose consumption flipped,
displaying an increased rather than decreased response (before
stress: −3.8 ± 2% ΔG/T; with stress: 10.1 ± 3% ΔG/T; P < 0.005,
n = 14 neurons, Wilcoxon signed-rank test; Fig. 3 B and E and SI
Appendix, Figs. S3 and S5; data in ref. 48), suggesting that stress
caused the LHb to “interpret” rewards as punishment. Notably,
the activity of these neurons also increased during sucrose
omission (before stress: 6.7 ± 3% ΔG/T; with stress: 17.5 ± 6%
ΔG/T; P < 0.005, n = 14 neurons, Wilcoxon signed-rank test; Fig.
3 B and F and SI Appendix, Figs. S3 and S5). Importantly, these
stress-induced changes in neural activity during the post-CS+
period were not due to generalization following any CS, as this
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increase in activity was not seen following the CS not predicting a
reward (Fig. 3 I and J, shock omission traces; SI Appendix, Fig.
S6), and similar stress-induced changes were observed if either
the shock or sucrose was unsignaled (SI Appendix, Fig. S7) or if
we only included trials with anticipatory licking in the analysis (SI
Appendix, Fig. S8). The stress-induced change in responses to
sucrose effectively erased the typical LHb RPE signal: before
stress, 36% of LHb neurons (84% of reward-selective neurons)
displayed RPE coding (Fig. 3K; see Materials and Methods); after
stress, only 3% of LHb neurons (6% of reward-selective neu-
rons) displayed RPE coding (Fig. 3L; χ2 = 12.1, P < 0.001, n =
42, 34 neurons). In contrast to the effect on reward-selective
neurons, there was no significant effect of stress on the re-
sponses of nonselective neurons to sucrose consumption (before
stress: 4.0 ± 4% ΔG/T; with stress: 5.3 ± 4% ΔG/T; P > 0.05, n =
11 neurons, Wilcoxon signed-rank test; Fig. 3 C, D, and G) nor
sucrose omission (before stress: 3.1 ± 3% ΔG/T; with stress:
5.0 ± 3% ΔG/T; P > 0.05, n = 11 neurons, Wilcoxon signed-rank
test; Fig. 3 C, D, and H).

Correlation Between LHb Reward Signals and Reward-Related
Behavior. To gain insight into the relation between the stress-
induced changes in neural signals and behavior, we compared
their time courses. Changes in both behavior and neural signals
from reward-selective neurons occurred soon after shock trials
were introduced and persisted for the duration of sessions with
such stress (Fig. 4 A and C). This was the case for both the in-
version of the neural response to sucrose and the enhanced
neural response to sucrose omission (Fig. 4A). No significant
changes were observed in nonselective neurons (Fig. 4B). In
addition to similar time courses, the increased sucrose con-
sumption responses of reward-selective neurons were correlated
with reduced licking on a trial-by-trial basis. For reward-selective
neurons, the mean Pearson’s correlation coefficient (R) for all
neurons was −0.24 ± 0.04 (P < 0.0001, n = 14 neurons, one-
sample t test); for 11 of 14 reward-selective neurons the R value
was statistically significant. In contrast, nonselective neurons
showed no significant relationship; the mean R was −0.01 ± 0.02
(P > 0.05, n = 11 neurons, one-sample t test); only 1 of 11
neurons displayed a significant R value (Fig. 4D). These data
provide an additional link between the stress-induced changes in
LHb neural responses and anhedonic behavior.

Discussion
Studies with healthy humans indicate that acute stress can reduce
reward responsiveness (20, 49–51). Such effects may play a role
in the development of pathologies including eating disorders (52,
53), posttraumatic stress disorder (54), and depression-linked
anhedonia (20, 55). In concordance with these human data, we
find that acute stress through introduction of intermittent shock
trials reduces licking for a sucrose reward, consistent with
anhedonic behavior (42–47).
Previous studies in rodents found that stress increases meta-

bolic and neuronal activity in the LHb (17, 26–29), indicating
that stress causes depression-relevant behaviors by increasing
baseline tonic or bursting LHb activity in vivo (1, 13, 18, 29, 56).
Our results suggest an unexpected, additional mechanism for how
stress decreases reward-motivated behavior: negatively distorted
RPE signaling in LHb neurons. Notably, stress changed the po-
larity of neuronal responses to rewards, making them appear as
punishment signals. This neural modification could explain the
observed reduced hedonic responses to sucrose rewards; that is,
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receiving a punishment neural signal during a behavior (licking)
would be expected to reduce that behavior.
In addition, we observed an increase of punishment-like sig-

nals during reward omission. This is surprising, and runs counter
to learning theories: an omission signal should decrease, not
increase, if the reward is less valued. This result thus challenges
the view that LHb signals simply reflect the difference between
actual and expected value. Alternatively, during stressful condi-
tions, while the actual value of a reward to the animal may be
reduced (as evidenced by reduced licking), signals for reward
omission could pathologically increase, thus generating a very
large punishment-like omission signal.
Such distorted signals could have significant impact on an in-

dividual’s behavior, as the result of any trial would be a punish-
ment signal from the LHb. This might be expected to reduce the
motivation to pursue subsequent rewards. In this way, aberrant

LHb signaling during repeated exposure to stress could produce
system-wide modifications of the reward system (8–10, 57–61),
leading to persistent anhedonic (59), negative-bias (62, 63), and
motivational impairments (64) seen in depression.

Materials and Methods
Experimental Design. The objective of this study was to characterize neuronal
responses of mouse LHb neurons to reward and reward omission and de-
termine the effects of stress on these responses. The relatively small size of the
mouse brain facilitated implantation of short (<7 mm) GRIN lenses into and
above the LHb. We used GCaMP6s to maximize signal/noise of intracellular
calcium concentration fluctuations and tdTomato to correct for small
movements of the brain outside of the imaging plane that could not be
corrected with software. The use of 2-photon microscopy minimized out-of-
plane fluorescence that could confound single-neuron fluorescence mea-
surements. Change in fluorescence, rather than absolute fluorescence, was
calculated as a measure of (change in) activity because absolute fluorescence
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is determined in large part by the amount of fluorophore present in the cell
(especially in neurons with high baseline firing rates, like lateral habenula
neurons, where individual spiking events cannot be resolved). Change in fluo-
rescence during sucrose consumption and omission was determined relative to
the time bin just before sucrose delivery (or omission) because the recent change
in activity of neurons is thought to signal reinforcement (rather than relative to
some distant time point). We used a 2-s time bin starting 2 s after the start of
reward delivery/omission for measurement of sucrose and omission neuronal
responses because this was where the greatest neuronal activity difference
between sucrose consumption and omission occurred. We measured licking
during the 10-s time window after sucrose delivery/omission to ensure that all
consumption or anticipation-related licking was used in our analyses [licking
appeared to continue after all sucrose was consumed, and this, rather than lick
frequency, is thought to relate to the palatability of the solution during sucrose
consumption (44)]. We determined sample size based on previous experience
(S.J.S.) with neuronal recording in behaving animals. Our within-subject design
reduced the number of neurons and mice needed for comparisons of neuronal
activity and behavior before and during stress. Data were processed in large
batches, with different conditions (before or during stress) grouped together
and software analysis run in an automated way for the whole dataset. Thus,
there were no between-groups comparisons that required blinding.

Animals. Male C57/Bl6 mice (50–90 d old at time of surgery) were singly
housed during the experiment. Four mice passed all of the elements (see
below for details of each element) required for the study: viral injection,
GRIN lens implantation surgery, sufficient number of neurons in viewing
field, survival past the ∼40 imaging sessions (at most 1/d) needed for con-
ditioning and testing, before and after stress introduction. All procedures
involving mice were approved by the Institute Animal Care and Use Com-
mittee of the University of California, San Diego.

Surgery. Mice were anesthetized with ketamine (70 mg/kg) and dexmedeto-
midine (1 mg/kg) and unilaterally injected in the lateral habenula with AAV2/
1-synapsin-GCaMP6s (UPenn Viral Core) and AAV2/8-synapsin-tdTomato (made
in Malinow laboratory; ∼0.3 μL total virus; A-P: -1.8–2.0, M-L: 0.6, D-V: 2.8–
3.3 mm from bregma) with a glass pipette and picospritzer over 8–15 min.
After viral injection, a 0.5-mm diameter GRIN lens (Inscopix) was implanted in
or just above the LHb (A-P: −1.8–2.0, M-L: 0.6, D-V: 2.8 mm) by slowly lowering
it over 20 min. An ∼20 × 3 mm metal headbar was implanted anterior to
bregma. The lens and headbar were secured to the skull with Metabond
dental cement. A well was built around the lens with dental cement for the
water needed for imaging.

Behavior. Three-to-five weeks after surgery, mice were habituated to head
restraint under the microscope while scanned for fluorescent cells through the
GRIN lens. If greater than three dual-labeled cells were detected, mice continued
restraint habituation for 3–4 d (15–45min each day) before conditioning began. If
three or fewer dual-labeled cells were detected, themice were removed from the
study. Mice were restricted to 15 min of water access per day until their weight
stabilized (∼10–15% body weight loss). On the first day of conditioning, the
lickometer spout was positioned in front of themouth, and drops of 10% sucrose
were delivered until the mouse licked the spout. Tone and white noise stimuli (10
s; ∼75–80 dB) were randomly assigned to be CS+ and CS−. Each conditioning
session consisted of an equal number of CS+ and CS− trials (16−18 per session)
delivered in random order. Mice were imaged for 70 s per trial, with 25 or 35 s
(interleaved randomly) of imaging preceding the start of the CSs. One drop of
sucrose (0.3-s duration) was delivered 0.5 s after the end of the CS+ by opening of
a valve (NResearch, part 161K011) that was located outside of the imaging
chamber in a styrofoam box. If mice learned to lick selectively for the CS+ (13–25
sessions), they advanced to sessions with occasional sucrose omission (1/3 of all
CS+ trials) in addition to CS+/sucrose and CS− trials. During these omission and
subsequent stress sessions, onemouse was given an extra drop of sucrose 5 s after
the first drop on 1/3 of CS+ trials (these trials were excluded from the analysis).
After 3–9 sucrose omission sessions, stress sessions began. Stress sessions (6–9
total) were identical to sucrose omission sessions, except a 0.3-s, 0.6-mA tail
shock was delivered inaudibly 0.5 s after the end of the CS− via a tail cuff
placed ∼1 cm from the end of the tail. Three animals were tested for re-
sponses to shock omission (1/3 of trials) in separate sessions after the stress
sessions (Fig. 3 I and J and SI Appendix, Fig. S6). One animal was tested with
sessions consisting of unsignaled tail shocks (no CS− preceding tail shocks)
and other sessions with unsignaled, longer-duration sucrose delivery (2 s;
no CS+ preceding sucrose delivery; SI Appendix, Fig. S7).

Data Collection and Analysis. Images were collected at 30 Hz with a 20×water-
immersion Olympus XLUMPlanF 0.95 NA objective and Bruker 2-photon laser

resonant scanning microscope. Motion correction was performed offline
with custom code written in MATLAB, and images were saved as averages of
20 frames. Licking data (100-Hz sampling rate) were synchronized with im-
ages in Prairie View (Bruker) software and exported separately for analysis.
Licking data were transformed into binary yes or no values for every 100-ms
bin (except for licking microstructure analysis, Fig. 2J). Regions of interest
were drawn over fluorescent neurons in average motion-corrected images in
ImageJ. Data from regions of interest (ROIs) were extracted in ImageJ and
saved in Excel files, which were analyzed in MATLAB.

Green/red (GCaMP/Tomato) values of dual-labeled neurons were calcu-
lated for each average frame by first subtracting background green and red
fluorescence (in a region distant from ROIs) from green and red fluorescence
in each ROI, then dividing green by red. For Figs. 3 and 4 A, B, and D and SI
Appendix, Figs. S5 and S7, only sucrose and sucrose omission trials in which
the mouse licked (within 1 s after the start of sucrose delivery or omission)
were included to ensure we only included neuronal responses to sucrose con-
sumption and unexpected sucrose omission. For SI Appendix, Fig. S8, only trials
with licking in the 0.5-s interval between the end of the sucrose CS+ and sucrose
presentation (or omission) were included. For Fig. 1 D–F, H–J, and L–N, activity
was normalized to the mean green/red during the 5-s baseline before the CS.
Normalization is calculated: ([(green/red in 100-ms time bin) – (green/red during
baseline of same trial)]/[green/red during baseline]) × 100; where background
green and red is first subtracted from each ROI’s green and red value. For Fig. 1
G, K, and O, activity was normalized to the time bin (100 ms) just before sucrose
delivery or omission. For Fig. 3 I and J, neuronal activity was normalized to the
time bin (100 ms) just before shock delivery or omission. Neuronal responses to
sucrose consumption and sucrose omission were calculated as percent change in
GCaMP/Tomato (ΔG/T) during a 2-s window 2.5 s after the end of the CS+,
relative to the time bin (100 ms) just before sucrose delivery or omission. Cor-
relation between neuronal responses to sucrose consumption and licking during
sucrose consumption were calculated using all trials in which the mouse licked
(as above for Figs. 3 and 4) during all sucrose omission and stress sessions.

Reward-selective neurons were defined as neurons that had statistically
significant differences (P < 0.05) in activity during sucrose presentation and
sucrose omission trials in the time windows indicated above. Nonselective
neurons were defined as neurons that had significant differences (P < 0.05)
in activity during sucrose presentation compared with a 5-s baseline period
before the CS+, but no significant difference (P > 0.05) between activity
during sucrose presentation and sucrose omission. Nonresponsive neurons
were defined as neurons which had no significant change in activity during
sucrose presentation compared with the pre-CS baseline period. RPE neurons
were defined as reward-selective neurons with opposite direction changes in
activity during sucrose consumption and sucrose omission. Non-RPE neurons
were defined as reward-selective neurons with the same direction changes
in activity during sucrose consumption and sucrose omission. Neurons were
included in the analyses for each session if they were fluorescent in both the
green and red channels above background fluorescence (measured in a re-
gion with no cells toward edge of the image). Over time, although most
neurons could be imaged for weeks, there was often a slight shift in the field
of view that prevented chronic imaging of some neurons.

Licking was monitored with an infrared beam placed between the spout
and the mouth of the mouse (sampling frequency of 100 Hz). For licking
microstructure analysis (Fig. 2J), licking during the first 10 s after sucrose
delivery was partitioned into clusters (bouts) separated by > 500 ms with no
licking and bursts separated by > 200 ms with no licking, as previously de-
scribed (44). Bout duration was used as a measure of hedonia, as previously
described (44, 46, 47). For other analyses of licking (Fig. 2 C–I, K, and L), each
100-ms bin was examined for licking to calculate the percentage of time
mice were licking in a given interval. Change in licking during the CSs was
calculated by subtracting the average licking values during a 10-s pre-CS
period from the average licking values during the 10-s CSs (reported in
text). Licking during sucrose delivery/omission was calculated using the first
10 s after the start of sucrose delivery/omission (Figs. 2 G–J and L and 4 C and
D). Licking percentage was used for all figures except Fig. 2J. Licking “before
sucrose” (Fig. 2 G and K) was calculated using the 0.5-s interval after the end
of the CS+ but before sucrose delivery/omission.

Histology.Micewere deeply anesthetized and transcardially perfusedwith 0.9%
saline followed by 4% formaldehyde. The 50–100-μm brain slices were imaged
with an epifluorescence dissection microscope and confocal microscope. GRIN
lens location was determined by inspection of lens tract in the brain. Mice
with >20%of the tip of the lens outside the LHb were excluded from the study.

Statistical Analysis. We used nonparametric bootstrap with 100,000 simula-
tions for comparing means between unpaired groups. For paired groups, we
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used two-tailed paired t tests (for groups with n < 5), Wilcoxon signed-rank
tests (for nonnormal, paired data), and one-sample t tests for comparing
data to zero. We used χ2 tests for comparing proportions. For neuron type
classification, we used unpaired t tests. Pearson’s R values with significance
tests were computed in MATLAB.
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